
 

 

 

Division of Sports- and Rehabilitation Medicine 

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

Department of Internal Medicine 

University Hospital Ulm 
 
 
 
 
 
 

 
 

Early Gene Expression of Skeletal Muscle 

in Response to an Acute Bout of Resistance Exercise 

in Trained and Untrained Healthy Young Men 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

Dissertation  

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

Faculty of Medicine, University of Ulm 
 

 
 
 
 
 
 

Presented by 

Han Yin 

Jiangsu, P. R. China 

2017 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan:  Prof. Dr. Thomas Wirth 

1. Berichterstatter: Prof. Dr. Jürgen M. Steinacker     

1. Berichterstatter: Prof. Dr. Enrico Calzia     

Tag der Promotion: 20 April 2018 

 



CONTENTS                                                                        I 

 

CONTENTS 

 

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

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

1.1  Skeletal muscle structure and function ......................................................................... 1 

1.2  Skeletal muscle adaptation  ......................................................................................... 3 

1.2.1 Skeletal muscle adaptation to exercise ......................................................................... 4 

1.2.2 The molecular basis of adaptation to exercise .............................................................. 4 

1.3  Microarray analysis in exercise induced adaptation ..................................................... 9 

1.4  EPS induced C2C12 model and exercise ................................................................... 10 

2   MATERIALS AND METHODS .............................................................................. 13 

2.1  General design ............................................................................................................ 13 

2.1.1 Microarray Study of exercise induced muscle adaptation in healthy men ................. 13 

2.1.2 EPS induced C2C12 cell culture study ....................................................................... 14 

2.2  Employed methods and materials ............................................................................... 15 

2.2.1 RE induced muscle adaptation during AE in healthy men ......................................... 15 

2.2.2 EPS induced C2C12 as in vitro models of acute and chronic exercise ...................... 19 

2.2.3 RNA isolation and protein purification from muscle and C2C12 samples ................ 22 

2.2.4 Microarray analysis .................................................................................................... 23 

2.2.5 Quantitative Real Time Polymerase Chain Reaction ................................................. 27 

2.2.6 Western blot ................................................................................................................ 28 

2.2.7 Statistical analysis ...................................................................................................... 29 

3.   RESULTS .................................................................................................................. 31 

3.1  Descriptive analysis between resistance trained and untrained groups ...................... 31 

3.2  Microarray analysis to observe exercise induced muscle adaptation ......................... 31 

3.2.1 Muscle transcriptional responses to an acute bout of resistance exercise .................. 31 

3.2.2 Differences in significantly expressed genes between KT and UT ............................ 32 

3.2.3 Gene functional annotation with DAVID ................................................................... 34 

3.3  Validation of Microarray data by qRT-PCR analysis ................................................ 40 

3.3.1 Changes in acute RE induced mRNA EXPRESSION RELATED TO ANGIOGENISS .......... 40 



CONTENTS                                                                       II 

 

3.3.2 Changes in acute RE induced mRNA expression related to cell growth and 

development .............................................................................................................. 41 

3.3.3 Changes in acute RE induced mRNA expression related to metabolism ................... 43 

3.3.4 Changes in acute RE induced mRNA expression related to cell survival and apoptosis 

  ................................................................................................................................... 45 

3.4  EPS induced C2C12 study .......................................................................................... 46 

3.4.1 Effect of low and high frequencies EPS on gene expression related to cell growth and 

development .............................................................................................................. 47 

3.4.2 High frequencies EPS induced specific gene expression related to RE ..................... 49 

4.   DISCUSSION ............................................................................................................ 52 

4.1  Transcriptional responses to acute RE in trained and untrained muscle .................... 52 

4.1.1 RE regulates gene expression related to metabolism ................................................. 54 

4.1.2 RE regulates gene expression related to cell growth and development ..................... 56 

4.1.3 RE regulates the expression of angiogenesis related genes ........................................ 58 

4.1.4 RE activates gene expression that regulates cell survival and apoptosis ................... 59 

4.2  EPS induced C2C12 as acute and chronic exercise models ....................................... 60 

4.2.1 The effect of low and high-frequency EPS on muscle cell growth and development 60 

4.2.2 The effect of high frequency EPS induced exercise mode on muscle adaptation ...... 61 

4.3  The limitation of Microarray study and EPS induced C2C12 as acute and chronic 

exercise model ........................................................................................................... 62 

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

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

7.   ACKNOWLEDGEMENTS ..................................................................................... 80 

8.   CURRICULUM VITAE .......................................................................................... 81 

 

 

 

 



ABBREVIATIONS                                                                 III 

 

ABBREVIATIONS 

 

AMPK AMP-activated protein kinase 

AE Acute bout of resistance exercise 

BMI  Body mass index 

BSA Bovine serum albumin  

BDNF Brain derived neurotrophic factor 

DM Differentiation medium 

DMEM Dulbecco’s Modified Eagle’s Medium 

DAVID Database for Annotation, Visualization and  

 

 Integrated Discovery 

EPS Electric pulse stimulation 

FBS Fetal bovine serum  

FC Fold change 

FDR False discovery rate 

FNDC5  Fibronectin type-III domain containing protein 5 

FoxO Forkhead box O 

GM Growth medium 

GO Gene Ontology 

GSK3β Glycogen synthase kinase 3β 

IGF-1 Insulin-like growth factor 1 

KEGG Kyto Encyclopedia of Genes and Genomes 

KT Strength (resistance) trained 

MSTN Myostatin 

mTOR Mammalian target of rapamycin 

MyoD 

 

Myogenic differentiation 1 

 



ABBREVIATIONS                                                                 Ⅳ  

 

MyoG Myogenin 

NA  Not applicable 

NC No change 

ORM One repetition maximum 

PGC-1α  Peroxisome proliferator-activated receptor γ  

 

 coactivator-1α 

PI3K Phosphatidylinositol-3- kinase 

PBS Phosphate buffered solution  

PM Perfect match 

PVDF Polyvinylidene difluoride 

qRT-PCR Quantitative real time polymerase chain reaction 

RE Resistance exercise 

RT Room temperature 

SD Standard deviation 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel  

 

 electrophoresis 

S6K1 Ribosomal protein S6 kinase 1 

SDS Sodium dodecyl sulfate 

ssDNA Single strand DNA 

TBS Tris-buffered saline 

TNF Tumour necrosis factor α 

UT Untrained 

VO2max Maximal oxygen uptake 

  

  

 

 

 

https://en.wikipedia.org/wiki/Tumor_necrosis_factor_alpha


INTRODUCTION                                                                  1  

 

1. Introduction 

1.1 Skeletal muscle structure and function 

It is well established that skeletal muscle as an organ is not only the most abundant tissue 

which comprises up to 40% of the human body mass (Hoppeler et al, 1990) but also a 

secretory organ (Pedersen et al. 2012) serving a variety of important functions, such as 

metabolic homeostasis (glucose and adipose disposal), muscle growth and remodeling, as 

well as locomotion among others. 

The realization of all these functions is, in large part, due to the consequences of adaptation 

in skeletal muscle to environmental stimuli on the basis of its special structure (Figure 1) 

and characteristic of secretion, which encompasses contractility (Hoppeler et al. 2011) and 

the release of cytokines named “myokines” (e.g., IL6, myostatin, irisin, etc. see Figure 2) 

during contraction (Catoire and Kersten 2015), both of which play a vast role in the 

regulation of the function and structure during skeletal muscle adaptation. 
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Figure 1: Skeletal muscle structure and excitation-contraction coupling process (OpenStax college).  

ECC: excitation-contraction coupling. NMJ: neuromuscular junctions. Ach: acetylcholine. Ⅰ: 

Skeletal muscle is made up of muscle fibers, which are composed of bundles of myofibrils 

including thin filaments (actin) and thick filaments (myosin); both of these filaments are in a highly 

organized arrangement forming a sarcomere, which is the smallest contractile unit in muscle fibers. 

Ⅱ: The activity of each muscle fiber is trigged by an action potential at the neuromuscular junctions 

through the motor neuron, Ⅲ: Which then causes the synchronous contraction (ATP-dependent 

interaction of actin & myosin) of the muscle fibers initiated by the release of the Ca2+ from 

intracellular stores, Ⅳ: This mechanism ultimately implement the regulation of skeletal muscle 

contraction. Modified from http://philschatz.com/anatomy-book/contents/m46476.html.  CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/legalcode). 
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Figure 2: The effects of myokines secreted by skeletal muscle on itself and other tissues (Derived 

from Pedersen and Febbraio. 2012). Skeletal muscle is regarded as a secretory organ to exert either 

autocrine, paracrine or endocrine effects by producing and releasing cytokines and other peptides, 

of which BDNF and IL-6 are involved in AMPK-mediated fat oxidation and IL-6 enhances 

insulin-stimulated glucose uptake. Irisin has a role in in 'browning' of white adipose tissue. IL-6, 

IL-7 and IL-15 promote muscle hypertrophy. Myostatin inhibits muscle hypertrophy. 

                                

1.2 Skeletal muscle adaptation  

 

It is widely observed that skeletal muscle demonstrates a remarkable plasticity in function 

and structure to adapt to different stimuli (Sandri et al. 2008), e.g., contractile activity 

(exercise, electrical stimulation), substrate supply (nutritional interventions) or 

environmental factors (hypoxia and thermal stress). 
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1.2.1 Skeletal muscle adaptation to exercise 

Of all the stimuli, exercise is considered an important stimulus to skeletal muscle, which 

results in a variety of functional and structural adaptations. These adaptations to exercise 

are usually grouped into two broad categories including mitochondrial biogenesis and 

substrate metabolism induced by endurance exercise, as well as muscle hypertrophy and an 

increase of maximal contractile force output by resistance exercise. 

Recently, several studies have shown increased interest in functional and structural 

adaptations of skeletal muscle in response to exercise training, especially to resistance 

exercise, which is also the focus of this current study. Aside from the well-documented 

effects of resistance training on muscle hypertrophy and force production, these studies 

also provide evidence to support the benefits of resistance exercise for improving 

metabolism, angiogenesis, immune function and mental health (Gordon et al. 2011; 

Strickland and Smith 2014; Simpson et al. 2015). 

 

1.2.2 The molecular basis of adaptation to exercise  

From a molecular perspective, the process of exercise-induced adaptations in skeletal 

muscle involve the conversion of a mechanical signal to a molecular event (Figure 3), 

which means exercise triggers specific molecular signaling mechanisms by activating and 

(or) repressing specific subsets of genes and cellular signaling pathways that regulate 

transcription and translation, resulting in protein synthesis or degradation (Williams et al. 

1996).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Strickland%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=25071694
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=25071694
http://www.ncbi.nlm.nih.gov/pubmed/?term=Simpson%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=26554457
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Figure 3: Control of gene expression during muscle adaptation (Derived from Flück and Hoppeler 

2003). Exercise induced various extracellular and intracellular signals resulting in altered 

transcriptional, post-transcriptional, translational and post-translational responses, which influences 

the rate of synthesis and degradation and ultimately determines the steady-state of each expressed 

gene and protein. The dashed arrows demonstrate a mechanism to regulate the production of RNA 

by reducing RNA degradation. Steps indicated in italics are shown to get involved in the molecular 

mechanism of muscle adaptation. 
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1.2.2.1 The specific molecular response to different types of exercise 

It is widely accepted that the specific genetic and molecular responses of exercise-induced 

muscle adaptations are finally determined by frequency (acute or chronic), regeneration 

periods, the mode of activity (endurance or resistance exercise), and training volume and 

intensity, which then result in different functional consequences (Izquierdo et al.2004; 

Mahoney et al. 2005). 

For example, it is known that an acute bout of exercise or unaccustomed exercise usually 

induces rapid but transient changes in mRNA levels including immediate early genes, 

transport and transcript factors, which is insufficient to produce adaptation; furthermore, 

most of the changes typically peak at 4~8 hours post-exercise and generally go back to 

basal levels within 24 hours (Pilegaard et al., 2000, 2003; Bickel et al., 2005; Yang et al. 

2005; Mahoney et al., 2005; Louis et al., 2007). However, there are still changes for some 

specific genes related to chemokine signaling, cell stress management, and extracellular 

matrix remodeling 96 hours post-exercise (Neubauer et al., 2013). 

On the other hand, long-term repetitive stressful use of skeletal muscle (chronic exercise 

training) can lead to a change in the steady-state level of specific mRNAs and proteins due 

to the cumulative effects of each acute bout of exercise (Williams and Neufer 1996; 

MacLean et al. 2000) (Figure 4). 

In addition, the mode of exercise also plays an important role in the decision of the 

corresponding molecular mechanism of adaptation. Each mode results in activation and/or 

repression of specific pathways and related genes. Resistance training, for instance, 

induces muscle hypertrophy and increases maximal contractile force output by stimulating 

the myofibrillar proteins, mainly by IGF-Akt signaling (Fry 2004). In contrast, chronic 

endurance training induces a variety of metabolic and morphological changes by activating 

for example the AMPK-p38MAPK- PGC-1 axis.  
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Fiure 4: The molecular basis of adaptation to exercise (Derived from Egan and Zierath 2013). The 

changes in exercise performances (green panel), protein content (purple panel) and mRNA 

expression (blue panel) over time as a consequence of acute and chronic (repetitive) exercise were 

represented. 

 

1.2.2.2 Molecular mechanism of resistance exercise induced muscle hypertrophy 

Skeletal muscle hypertrophy is the major consequence of muscle remodeling during 

adaptation, which is known to increase the cross-sectional area of skeletal muscle by 

increasing protein synthesis and decreasing protein degradation (Brook et al. 2015). 

Satellite cells (SC), as the resident muscle stem cells, reside in skeletal muscle. Activation 

of SC not only take part in muscle repair and regeneration during injury, but also play 

essential role in muscle hypertrophic growth in response to mechanical loading like 

resistance exercise (RE) by fusing to myotubes or adding new nuclei to muscle fibres 

(Bellamy et al. 2014).  
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It is well known that RE induced skeletal muscle hypertrophy is involved in a variety of 

myogenic genes and relevant signaling pathways (Thalackermercer et al. 2013; Ogasawara 

et al. 2013; Nader et al. 2014), moreover, the different exercise modes (e.g., acute and 

chronic exercise) increase the complexity and variability of this molecular response, it has 

been suggested that although an acute bout of RE could induce a rapid (2~8h) activation of 

myogenic genes involved in muscle hypertrophy (MRF4, MyoD) (Yang et al. 2005), 

muscle hypertrophy adaptation is still a slow process (i.e., weeks to months) because 

chronic resistance training induced adaptation that culminates in muscle hypertrophy are 

the result of an integrated pattern of gene responses and coordinated signaling pathways 

for an extended period (Flück and Hoppeler 2003).  

In addition, it has been recently reported that the regular training (repeated bout effect) has 

a potential effect on the acute response of muscle following a bout of exercise, i.e. a 

second repetition or more of the same exercise could selectively modify acute RE induced 

gene expression during adaptation (Nader et al. 2014) (Figure 4), e.g., repeated bout of RE 

could diminish the muscle damage and inflammatory response from an acute or 

unaccustomed exercise one or more weeks later, which also play a role on muscle 

hypertrophy (Thompson et al. 2002; Gordon et al. 2012). 

The major intracellular signaling pathways that mediate the resistance exercise induced 

increase in protein synthesis involved in insulin-like growth factor-1 (IGF1) - 

phosphatidylinositol 3-kinase (PI3-k)-Akt and - adrenergic - Akt signaling, followed by 

three downstream branches of the Akt pathway to control protein synthesis, which are the 

mammalian target of rapamycin (mTOR) - S6K1 pathway, glycogen synthase kinase 3β

(GSK3β) and FoxO pathway (see Figure 5). 

Myostatin (MSTN, also known as growth/differentiation factor 8), a member of the TGF-

β family, expressed and secreted by skeletal muscle, is widely regarded as a key negative 

regulator of muscle growth; Inactivation of the myostatin (knockout) can result in skeletal 

muscle hypertrophy in mice and human (McPherron et al. 1997; Rodger & Garikipati, 

2008).  

Besides myostatin, recent studies (Serrano et al. 2008; Bente et al. 2012; Huh et al. 2014)  

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Serrano%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=18177723
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found that other novel myokines, such as irisin, IL-6 and IL-7, also play a role in the 

promotion of muscle hypertrophy (Figure 2, P3). 

 

 

 

 

 

Figure 5: Simplified insulin-like growth factor (IGF)-1 signaling pathway from receptor binding to 

protein synthesis (Derived from Sandri 2008). Arrows designate that phosphorylation activates the 

substrate (dashed line represents putative direct activation) and bars denote inhibition. The blue 

ovals denote mTOR signaling pathway, the brown and yellow ovals designate GSK3β-EIF-2B 

pathway, and the green ovals represents FOXO pathway. 4E-BP1 = eukaryotic initiation factor 

4E-binding protein; eIF2B = eukaryotic initiation factor 2B; FoxO = forkhead box O; GSK3β = 

glycogen synthase kinase 3β; IGF-1 = insulin-like growth factor-1; IGFR = insulin-like growth 

factor receptor; IRS-1 = insulin receptor substrate-1; mTOR = mammalian target of rapamycin; 

PI3K = phosphatidylinositol-3- kinase; S6K = ribosomal protein S6 kinase.  
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1.3 Microarray analysis in exercise induced adaptation 

Although many studies explored the impact and molecular mechanism of resistance  

exercise induced adaptation in skeletal muscle, the gene expression profiling of skeletal 

muscle following exercise is rather poorly understood due to lack of a fast and effective 

method of genomic analysis until the mid of nineties. Since the invention of microarray 

technology as a powerful high-throughput tool, the expression of thousands of genes can 

be screened parallel and simultaneously in order to find novel genes and pathways, some 

microarray studies have begun to elucidate the transcriptional response of skeletal muscle 

during and after resistance exercise training, e.g. it was observed that resistance training 

enhances the transcriptional upregulation of the extracellular matrix and cytoskeleton 

development, as well as the gene expression involved in anti-inflammatory processes in 

trained muscle following acute exercise (Gordon et al. 2012); additionally, resistance 

exercise training was found to selectively modify the acute exercise induced gene 

expression during skeletal muscle hypertrophy (Nadel et al. 2014). 

Although there is a growing understanding about gene-specific transcriptional activation 

during acute or chronic resistance exercise induced adaptations, the global mRNA 

expression and the signaling pathways involved in the adaptive response of human skeletal 

muscle in trained and untrained status are still unclear. Furthermore, little is known about 

the acute molecular response underlying the effect of muscle training status following an 

acute bout of exercise when compared with untrained status in healthy young men. 

Thus the aim of the present microarray study was to 1) Investigate the early global 

transcriptional profiles in RE trained and untrained healthy young men following an acute 

bout of resistance exercise. 2) Compare the differential gene expression and explore the 

possible mechanism between trained and untrained muscles at baseline (pre-exercise), 30 

min and 3 h post-exercise (i.e. early recovery phase).  
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1.4 EPS induced C2C12 model and exercise 

As described above, resistance exercise training leads to extensive adaptation involving a 

variety of genes, with great beneficial effects for human health and chronic disease. All of 

these genes are screened simultaneously by microarray technology to find new interesting 

genes/gene clusters and pathways involved in RE induced adaptation in human skeletal 

muscle. 

Furthermore, the complexity of these selected exercise-induced target genes and signaling 

pathways in skeletal muscle need to be elucidated. However, it is very difficult to explore 

the molecular mechanism in vivo due to the limitations of muscle sample size, 

heterogeneity and the complicated systemic influence etc., which emphasizes the 

requirement for a cell model resembling exercise training in vitro. 

The mouse-derived muscle cell line consisting of C2C12 myoblasts being able to fuse and 

form Contractile myotubes (Figure 6) is widely accepted for skeletal muscle studies due to 

its advantages including homogeneity, easiness of culture, shortness of experimental period, 

and avoidance of systemic influences, as well as easiness of transfection of exogenous 

DNA or any treatments, e.g., siRNA and agonist/ antagonist. But it was not used as an 

exercise model until the development of electrical pulse stimulation (EPS). 

 

Figure 6: Skeletal muscle development. The process of muscle development begins with cell 

precursors to form myoblasts, which then proliferate and fuse to myotubes. As myotubes mature, 

the sarcomere develops, and this array of myosin and actin fibers forms the contractile unit of 

muscle. 
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As mentioned in chapter 1.1 (Figure 1), electrical and mechanical signals, i.e., motor 

neuron activity and muscle fiber stretching, are two of the major exercise-associated 

stimuli resulting in muscle remodeling. EPS, mimicking the motor neuron activation of  

muscle fibers, was found to accelerate de novo sarcomere assembly and induce C2C12 

myotubes contraction by evoking repetitive Ca2+ transients (Fujita et al. 2007). Thus, EPS 

is widely used as an excellent in vitro muscle contraction model to investigate a wide array 

of biochemical and molecular biological phenomena, which are induced by acute or 

chronic exercise in vivo (Burch et al. 2010; Nikolic et al. 2012; Gogh et al. 2015).  

Moreover, it is known that high-frequency electrical stimulation results in increased 

muscle force output and muscle hypertrophy in both clinical and animal experiments 

(Gregory et al. 2007; Kobayashi et al. 2012; Ogasawara et al. 2013). However, to the 

author’s knowledge, there are only few studies, which observed the effects of electrical 

frequency changes in an EPS induced C2C12 model, and such a model has not been used 

to explore the molecular regulation of skeletal muscle simulating resistance exercise.  

Consequently, the aim of the C2C12 cell study was to establish appropriate EPS induced 

C2C12 contraction models (acute and chronic exercise) to observe whether it could induce 

a gene expression pattern resembling those, which were found by Microarray analysis in 

trained and untrained muscle following an acute bout of resistance exercise, and then 

setting this model as an appropriate tool for the future research on the underlying 

intracellular signaling pathway of target genes. For this purpose, we conducted 2 

consecutive experiments. First, we investigated whether intermittent activation with high 

(50Hz) or low (1 and 10Hz) frequencies of EPS could induce skeletal muscle cell growth 

and hypertrophy. We conducted western blot and Quantitative real time polymerase chain 

reaction (qRT-PCR) analysis to detect the protein expression of p70S6K (Thr389) and mRNA 

expression of Myogenic differentiation 1 (MyoD) and Myogenin (MyoG). In a second 

experiment, we used the model with appropriate frequency to further observe and analyze the 

gene expression pattern related to metabolism, muscle growth and development, as well as 

cell survival et al. that were selected by the use of microarray analysis. 
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2. Materials and methods 

2.1 General design  

Two experimental studies (Figure 7 and 8) were performed in this thesis.  

 

2.1.1 Microarray study of exercise induced skeletal muscle adaptation in healthy 

young men (study 1) 

Study 1 was a subunit of multi-center study from universities of Ulm, Gießen and 

Tübingen, financed by the federal BUNDESINSTITUT FüR SPORTWISSENSCHAFTEN 

(BISp), and consisted of a strength trained group, an endurance trained group and their 

respective untrained control groups, aimed to find new measurement parameters in the 

blood and muscles of trained men that allow optimization of training in competitive sports. 

Here in this thesis, the focus lies on the comparison of a strength trained group and their 

untrained controls to analyze the early global mRNA expressions in human skeletal muscle 

in response to an acute bout of resistance exercise (AE). Muscle biopsies were obtained 

before and 30 min as well as 3 h after the AE. Tissue samples were subsequently analyzed 

by microarray and qRT-PCR technique to determine gene expression.  
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Figure 7: Flow diagram of microarray study to observe the trained and untrained muscle 

transcriptional response to AE in healthy young men. 

 

2.1.2 EPS induced C2C12 cell culture study (study 2) 

Study 2 was designed to see whether an electric pulse stimulation (EPS) induced C2C12 

model (acute and chronic contractile activity) could be set to induce a similar gene 

expression change as observed in strength trained and untrained men after an acute bout of 

exercise using qRT-PCR and Western Blot analysis.  

 

 

 

 

 

 

 

Figure 8: EPS: electric pulse stimulation. C2C12 myotubes were stimulated for 90 min mimicking 

acute contractile activity and 90 min for consecutive 4 days as chronic contractile activity 

employing EPS at 14V/1ms with 50Hz.  
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2.2 Employed Methods and Materials 

2.2.1 Resistance exercise induced skeletal muscle adaptation during AE in trained 

and untrained healthy young men (Figure 9) 

 

                                         

Figure 9: Muscle biopsies were obtained before and 30 min as well as 3 h after the AE in strength 

trained and untrained groups. KT: strength trained; UT: untrained; AE: acute strength exercise; A: 

pre-exercise; C: 30 min post-exercise; D: 180 min post-exercise; muscle biopsies and blood 

samples were taken at A, C, D.  

 

2.2.1.1 Participants and group characterization 

Healthy male strength trained athletes (KT) as well as untrained/sedentary individuals (UT) 

were recruited to participate in the study based on training history and exercise 

performance tests (Maximum force measurement and aerobic capacity) at the divisions of 

Sports Medicine at the university of Ulm via public notices between 2010 and 2012. 

Participants were excluded if they were: age <18 or >30 years, smoker, use of dietary 

supplements, musculoskeletal disorders, previously diagnosed with cardiovascular disease, 
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diabetes mellitus, hypertension, stroke, renal disease, respiratory disease, autoimmune 

disease or congenital heart disease, or acutely ill. 

The inclusion criteria for the KT group (n=5) were strength exercise training of minimum 

2×90 min and endurance exercise training less than 1 h a week for at least 1 year before 

participation, ability to perform leg press exercise >3,5 fold of body weight (BW), chest 

press > 1 times BW, bench pull > 1 times BW, and an individual oxygen uptake (VO2max) 

< 47ml/min/kg. The inclusion criteria for the UT (n=5) group were less than two hours of 

unspecific sports per week and a VO2max < 47 ml/min/kg & resistancemax < 2,5 fold of 

body weight in leg press and < one-fold BW in at least one of two arm exercises (bench 

pull + bench press); These individuals were considered physically inactive (untrained).  

Each participant underwent a medical screening and 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 exercise 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 University of Ulm.  

 

2.2.1.2 Performance test to discriminate the RE trained and untrained individuals 

2.2.1.2.1 Maximum force measurement test 

The maximum force measurement test was necessary to confirm the oral information of the 

training history given by all subjects. The test involved three exercises, one for the legs 

(leg press) and two for the arms (bench press and bench pull). 

Strength (RE) trained men could handle more than 3.5 fold of their own body weight (BW) 

in the leg press and more than their BW in two arm exercises.  
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2.2.1.2.2 Aerobic capacity test 

After carrying out the maximum force measurement test, aerobic capacity of the subjects  

was investigated by spiroergometry. Maximum oxygen uptake was then determined by 

cardiopulmonary exercise testing (MetaLyzer; CORTEX biophysics, Leipzig, Germany) 

with an incremental protocol on a bicycle ergometer (Excalibur Sport; Lode, Groningen, 

Netherlands) including lactate diagnostic (Biosen; EKF diagnostics, Magdeburg, Germany) 

to evaluate the individual performance. 

The anthropometric data and performance results of the entrance examination and 

performance test for both groups are shown in Table1. 

 

Table 1: Participant characteristicsa 

  Strength trained (n=5) Untrained(n=5) 

Age (years) 22.7±1.59 25.8±1.16 

Weight (kg) 86.0±1.59 81.4±1.71 

BMI (kg/m2) 26.6±0.46 24.3±0.91 

VO2max. (ml/kg/min) 43.2±3.26 41.75±3.72 

Power max. (watt) 259.2±16.59 234.2±23.16 

Bench pull max. (kg) 81.5 ± 4.19 64.5 ± 4.36b 

Leg press max. (kg) 409.3 ± 28.36 255.0 ± 20.74c 

Bench press max. (kg) 102.6 ± 4.59 63.80 ± 10.59c 

Knee extention max. (kg) left 73.96 ± 5.19 56.0 ± 7.38 

Knee extention max. (kg) right 73.75 ± 4.59 56.80 ± 8.45 

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

bP <0.05, cP <0.001, compared with trained adults using unpaired t test.  

 

2.2.1.3 Acute exercise protocol  

Within one to four weeks after the entrance test the main exercise training protocol was 

performed. On the day before the acute exercise start, a percutaneous muscle biopsy from 

the musculus vastus lateralis was taken at rest.  
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After an overnight fast the participants received a standardized breakfast and standardized 

lunch and at least 300 ml water at the day of acute exercise.  

After the standardized breakfast, the subjects began to perform an acute resistance exercise, 

the weights for each series of each exercise were calculated starting from the ORM (One 

Repetition Maximum weight refer to table 1) with the maximum force measurement. The 

power load was consisted of 2 so-called "Supersets" (Figure 10), starting from 40% ORM 

as warm-up, in each set of "Supersets" an arm exercise (bench pull + bench press) and a 

leg exercise (leg press + knee extension) were combined.  

 

 

Figure 10: Flow diagram of the supersets strength-training workout. Each exercise consists of 4 

series after the warm-up, the first series was carried out at 80% of the ORM. The weight was 

reduced by a fixed amount (2.5% of the 80% value) in each series. In any series, the break between 

the leg series was used to perform arm series (and vice versa) to get the overall training sequence 

compacted. The break from the end of the first arm exercise to the start of the first leg press 

exercise was 1 minute. 

 

 

Superset 1 Superset 2 

Bench pull Leg press 

Warm up 

(40% ORM ) 

Series 1 

(80% ORM ) 

Series 2 

(80%-80%*2.5%) ORM 

Series 3 

(80%-2*80%*2.5%) ORM  

 

Series 4 

(80%-3*80%*2.5%) ORM  

Bench press Knee extension 

(left and right) 

5min pause 

Same steps as 

bench pull but with 

separate ORM 
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2.2.1.4 Percutaneous muscle biopsy 

30 min and three hours after the acute exercise a second and third biopsy of the m. vastus 

lateralis 1.5 cm proximal left of the first one (before the exercise) was carried out. All 

muscle biopsies were performed on the right leg of the participants using a biopsy gun and 

a 14G fine biopsy needle (Pflugbeil, Zorneding, Germany) under local anesthesia (1% 

Meaverin). Muscle samples were immediately frozen in liquid nitrogen and stored at -80°C 

until further analysis.  

 

2.2.2 Study 2: EPS induced C2C12 myotubes as in vitro models of acute and chronic 

exercise 

2.2.2.1 C2C12 cell culture study 

Murine C2C12 myoblasts (doubling time is approximately 20h) 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) and 

supplemented with 20% fetal bovine serum (Gibco, Germany) and 1% 

penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO2. Upon reaching 

50% of confluence, cells were distributed at a density of 1×105 cells/cm2 into 6-well plates 

for different assays and cultured in GM as described above. The GM was changed every 

24-48 hours until day 3 when cells in the 6-well plates were allowed to reach 90% of 

confluence (observed with a phase contrast microscope [Axiovert 25, Carl Zeiss Inc., 

Oberkochen, Germany]). Now the medium was switched from GM to differentiation 

medium (DM) consisting of DMEM supplemented with 2% horse serum (Gibco, 

Germany), 1% penicillin/streptomycin. The differentiation medium was changed every 24 

h. After 8 more days, differentiation into myotubes was completed and used for an EPS 

study. During this study, differentiation medium (3ml/per well) was changed 1h before the 

stimulation was started. 
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2.2.2.2 Electric pulse stimulation induced C2C12 system 

EPS is a multi-channel stimulator designed for acute or chronic stimulation of bulk 

quantities of cultured cells in incubators, and was applied to myotubes in six-well dishes 

with a C-Pace EP (IonOptix, Dublin, Ireland), which emits bipolar pulses to the 

carbonelectrodes of the C-dish with the electrodes hanging in the cell culture media 

(Figure 11).  

 

 

 
 

 

Figure 11: EPS induced C2C12 cell system including C-Pace EP, CO2 incubator and 6-well C2C12 

cell culture dishes. 

 

2.2.2.3 Low and high-frequency EPS protocol 

This experiment (Figure 12) was designed to find the appropriate frequency, which was 

most likely to increase muscle protein synthesis & myogenesis and able to induce muscle 

hypertrophy in an EPS stimulated C2C12 cell model. C2C12 myotubes were stimulated 

with electric pulses of 14V with 1Hz, 10Hz or 50Hz at duration of 1 ms for 4 h; 

Subsequently, the myotubes were harvested for RNA isolation and protein purification. 

Bulk cell stimulator 

 

CO2 incubator(37℃) 

6-well culture dish  
Electrode system 
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Afterwards, relative amounts of MyoD and MyoG mRNA expression levels were measured 

by qRT-PCR and p70S6K1 protein was detected by Western Blot analysis. 

 

 

Differentiation 240 min stimulation Post-stimulation 

 

 

Figure 12: EPS: electric pulse stimulator. After 8-10 days of differenciation, C2C12 myotubes were 

stimulated by EPS 14V/1ms with 1, 10 & 50Hz for 4 h (240 min).  

 

2.2.2.4 Acute and chronic exercise model with high-frequency EPS  

The EPS condition of 14V, 50 Hz and 1ms was finally applied on C2C12 myotubes to 

mimic acute and chronic contractile activity based on qRT-PCR and Western Blot results of 

low and high-frequency EPS experiments. C2C12 myotubes were either stimulated for 90 

min (acute exercise; Figure 13) or 90 min for consecutive 4 days (chronic exercise; Figure 

14) as described previously (Burch et al. 2010). Differentiation medium was changed daily 

1h before the stimulation at the same time (Burch et al. 2010). The occasional contractions 

of the myotubes were observed by examination under the microscope. 

 

 

 

Differentiation 90 min stimulation Post-stimulation 

 

Figure 13: Acute contractile activity. Two plates were stimulated by EPS 15V/50Hz for 90 min as 

acute contraction activity group. One plate was prepared as control (no EPS stimulation). EPS: 

electric pulse stimulator. 

 

 

 

Differentiation 90 min for 4 days Post-stimulation 
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Figure 14: Chronic contractile activity. Two plates were stimulated by EPS 15V/50Hz for 90 min 

for consecutive 4 days (D1-D4) as chronic contraction activity group. One plate was prepared as 

control (no EPS stimulation). EPS: electric pulse stimulator.D1: day 1; D4: day4. 
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2.2.2.5 Harvesting of myotubes at 30 min and 3 h after EPS 

After the differentiation medium of each well was removed and saved, cells were washed 

twice with PBS. Then 1.25 ml 0.25% trypsin solution was added to each well and 

incubated for about 2 min to detach the cells. After that 2.5 ml fresh growth medium was 

added in order to inactivate trypsin. The cells were transferred to 15 ml tubes and 

centrifuged at 300g, 5 min at room temperature (RT). The supernatant was discarded and 

2ml of differentiation medium was added to resuspend the cells, followed by transfer of 

cells to new six well plates and incubation for 30 min at 37°C allowing the mononucleated 

undifferentiated cells (myoblasts) to attach to the plate again. The floating cells, however, 

which were mostly myotubes were collected and centrifuged to get the final cell pellet for 

further examination. 

 

2.2.3 RNA isolation and protein purification from human skeletal muscle samples and 

EPS induced myotubes  

2.2.3.1 Total RNA isolation from human skeletal muscle samples 

Total RNA was isolated from frozen skeletal muscle samples (not exceeding 30 mg) using 

the Qiagen RNeasy® Fibrous Tissue Mini kit (#74704; QIAGEN, Hilden, Germany) 

according to manufacturer’s protocol. In brief, samples were placed in a tube with 300 μl 

Buffer RLT and disrupted and homogenized by using a Qiagen TissueRuptor®, followed 

by protein digestion with proteinase K and RNeasy I treatment. Finally, the total RNA was 

eluted with 35 μl RNase-free water. 

 

2.2.3.2 Total RNA isolation and Protein purification from C2C12 myotubes 

Total RNA extraction was performed using the QIAGEN AllPrep DNA/RNA/Protein 

extraction Kit (#80004; QIAGEN, Hilden, Germany) according to manufacturer’s manual. 

For efficient cell lysis and homogenization; C2C12 myotubes were pipetted directly onto a 

QIAshredder spin column (#79654; QIAGEN, Hilden, Germany) and the homogenized 

lysates were transferred to an AllPrep DNA spin column (#80004; QIAGEN, Hilden, 
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Germany) allowing for simultaneous collection of RNA and protein for downstream 

applications (Figure 15).  

The concentration and purity of RNA were determined by a Nanodrop 2000 device for 

quality control and concentration measurement before it was stored at -80°C.  

 

Figure 15: RNA extraction and Protein purification procedure. Derived from AllPrep®DNA/     

RNA/ Protein Mini Handbook downloaded from https://www.qiagen.com/us/resources/ 

download.aspx?id=58d2f796-181a-49df-8718-8057e370014d&lang=en. on 8 May 2015. 
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The GeneChip® Human Gene 1.0 ST Array System (Affymetrix, Santa Clara, CA) is the 

first array launched in the Gene Array family, interrogating 28,869 well-annotated genes 

with 764,885 distinct probes; It uses a perfect match (PM)-only design with probe sets that 

hybridize to target genes for whole genome gene-level expression studies. The design of 

the array was based on sequences and gene annotations obtained from the March 2006 

(UCSC hg18, NCBI Build 36) human genome sequence assembly, RefSeq mRNAs 

(November 3, 2006; 24,188 sequences), the full EMBL/EBI Ensemble data set (October 

2006, version 41.36c; 56,364 transcripts), and GenBank mRNAs current to November 3, 

2006; 56,249 sequences) 

Microarray experiment and analyses were conducted by Dr. Karlheinz Holzmann from the 

Interdisciplinary Center for Clinical Research at the Genomics Core Facility, Ulm 

University, Germany as described in the following chapters: 

  

2.2.4.1 Preparation of Labeled cDNA 

The total RNA isolations from human skeletal muscle samples (Qiagen) were amplified 

and labeled following the Genechip Human Exon 1.0ST Array and Whole Transcript (WT) 

Sense Target Labeling Assay (Affymetrix, Figure 16). Briefly, total RNA sample (200ng) 

was used as a template for double-stranded cDNA synthesis from the poly A controls (poly 

A RNA control kit) for the First-Cycle, then cDNA was used to generate the cRNA using 

the Affymetrix GeneChip® WT cDNA Amplification Kit; Afterwards; cRNA/Random 

Primers were incubated for the Second-Cycle to synthesize sense strand DNA (ssDNA), 

and subsequently, ssDNA was fragmented and labeled by using Affymetrix GeneChip®  

Terminal Labeling Kit. 
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Figure 16: The flow diagram of the GenChip® Whole Transcript Sense Target Labeling Assay.    

Derived from https://tools.thermofisher.com/content/sfs/brochures/gene_1_0_st_datasheet.pdf. 

Downloaded on 16 May 2015. 

 

https://tools.thermofisher.com/content/sfs/brochures/gene_1_0_st_datasheet.pdf
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2.2.4.2 Hybridization to Microarray 

The fragmented and labeled DNA was hybridized to probe sets presented on Human 

GeneChip® 1.0 ST arrays. The GeneChip® arrays were washed and stained on an 

Affymetrix Fluidics station to obtain the highest level of reproducibility according to 

manufacturer’s protocol.  

 

2.2.4.3 Data analysis 

Array images were acquired by scanning on a GeneChip® Scanner 3000 (Affymetrix); 

Subsequently, the images were analyzed and quantified using GCOS 1.4 software 

(Affymetrix), followed by Affymetrix Expression Console Software to enable probe set 

summarization as well as preliminary data quality evaluation, and to derive GCRMA 

normalized gene level expression values (log 2). 

BRB-Array Tools software Version 3.4.1 (http//linus.nci.nih.gov/brb/tool.htm) was further 

applied to determine significantly changed probe sets between trained and untrained status 

and different time points post-exercise. Afterwards, traditional Student’s paired t-test was 

applied first, followed by permutation tests and Benjamini and Hochberg correction were 

used to identify significantly altered probe sets (Simon 2003; Benjamini 2006). 

The relative fold change was used for measuring changes of gene expression level changes, 

which is defined as the geometric mean of the ratio of gene expression levels in one group 

over another. Fold change [FC] <-1.5 or >1.5 and false discovery rate [FDR] <0.1 was 

considered a down-regulated or up-regulated expression.  

 

2.2.4.4 Annotation and Pathway analysis 

The list of significantly changed genes was additionally analyzed using the bioinformatics 

analysis tool provided by DAVID [Database for Annotation, Visualization and Integrated 

Discovery (http://david.abcc.ncifcrf.gov)] consisting of an integrated biological knowledge 

base and several analytic modules (Kyto Encyclopedia of Genes and Genomes [KEGG] 

pathways and Gene Ontology [GO] terms etc.) to classify the genes into functional groups 

and, when possible, into pathways. 
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For more information on the Human Exon 1.0 ST Array, refer to the Affymetrix  

GeneChip® Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA). 

 

2.2.5 Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)  

Total RNA isolated from human skeletal muscle and C2C12 myotubes was reverse 

transcribed using the QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany) 

as previously described (Cheng et al. 2010). All primers for qRT-PCR were obtained from 

QuantiTect Primer Assay (Qiagen,Germany) ,as shown in table 2. Expressions of target 

genes were normalized to GAPDH serving as a housekeeping gene, and the relative gene 

expression levels were determined by the 2-ΔΔCt method (Livak & Schmittgen 2001). 

 

Table 2: Primer and PCR amplification efficiency test. 

Gene symbol  Category #  RefSeq # R2 Efficiency (%) 

PGC-1α  QT 00095578 NM_013261 1.000 100 

FNDC5 QT00087612 NM_001171940 0.999 99 

MyoD  QT00209713  NM_002478 0.999 97 

NR4A1 QT00095515 NM_001202233 0.999 98 

NR4A3 

ANKRD1 

ANKRD2 

ANKRD23 

GADD45A 

QT00033362 

QT00057176 

QT00012467 

QT 00029736 

QT00014084 

NM_173198 

NM_014391 

NM_001129981 

NM_144994 

NM_001924 

0.999 

0.999 

0.996 

0.999 

0.999 

97 

97 

99 

93 

95 

GADD45B 

MURF1 

CSRP3 

ANGPT2 

MSTN 

QT00018480 

QT00039872 

QT00014651 

QT00100947 

QT00009198 

NM_015675 

NM_032588 

NM_001127656 

NM_001118887 

NM_005259 

0.999 

0.999 

0.984 

0.999 

1.000 

93 

94 

102 

97 

96 

Note: The RefSeq number refers to the representative sequence used to design the enclosed primers. 

GAPDH served as a housekeeping gene, others are target genes. 

 

All qRT-PCR reactions were performed in duplicate in 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), 5.7 μl of RNase-free water and 0.3μl Uracil-N-glycosylase and 2.0 μl of 

cDNA (0.5ng/μl) (Table 3). The PCR program included UNG pretreatment at 50°C for 2 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001171940
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minutes, initial heat activation at 95°C for 15 minutes,  and  45 cycles with denaturation 

(94°C for 15 seconds), annealing (58°C for 30 seconds) and primer extension (72°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 2). Employing same 

amounts of cDNA as templates ensured comparability regardless of potential differences in 

efficiency rates. 

 

Table 3: 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 0.5ng/μl 

RNase-free water (μl)  5.7  

Uracil-N-glycosylase 0.3  

Total volume (μl)  20.0  

 

2.2.6 Western Blot  

Total proteins were purified from C2C12 myotubes treated with or without EPS. The BCA 

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

to adjust for equal loadings. Total proteins (10/20μg 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 or 5% BSA for 1 hour at room temperature, and 

afterwards incubated with the primary antibody in TTBS containing 2% nonfat milk 

powder or 1% BSA overnight at 4°C with gentle shaking. The primary antibodies were 

purchased from Abcam, Germany (see table 4). After several washes with 0.1% 

Tween-20-TBS (TTBS) membranes were incubated with secondary antibody (1:5000 

dilution; see table 5) in TTBS containing 2% nonfat milk powder or 1% BSA for 1 hour at 
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room temperature and gentle shaking. After several washes for 10 min each, the 

immunoreactive bands were visualized using the ECL Plus Western Blotting Detection kit 

from GE Healthcare Life Sciences (Little Chalfont, Buckinghamshire, UK). GAPDH 

(mouse monoclonal anti-GAPDH; Abcam, Germany) was chosen as a reference protein to 

control for adequate normalization. Signal intensities of corresponding bands were 

quantified by densitometric scanning using ImageJ software (National Institutes of Health) 

and normalized to the loading control using immunodetection of specific proteins. 

 

Table 4: Primary antibodies. 

Protein Size(KDa) Primer antibody Species Dilution Manufacturer 

P70s6k1 72 Anti-S6K1   

(phospho T389)  

Rabbit 1:1,000 Abcam(ab2571) 

Nur77 64 Anti-NUR77  Rabbit 1:1,000 Abcam(ab109180) 

Myostatin 43 Anti-Myostatin Rabbit 1:200 Abcam(ab98337) 

GAPDH 36 Anti-GAPDH  Mouse 1:5,000 Abcam(ab9484) 

 

Table 5: Secondary antibodies. 

Second antibody Dilution Manufacturer 

Goat-Anti-Rabbit IgG 1:5,000 Promega (W40189) 

Goat-Anti-Mouse IgG 1:5,000 EnyoLife Sciences (ADI-SAB-100) 

 

2.2.7 Statistical analysis  

Unpaired t-test was used to analyze physiological data for differences between two groups. 

Data are presented as mean ± SD. 

Differences regarding the gene expression changes in EPS induced C2C12 myotubes at 

different time points (pre-stimulation, 30 min and 180 min post-stimulation) were 

evaluated using one-way repeated-measurement analysis, and the differences of the gene 

expression changes in trained and untrained status at different time points (pre-exercise,  

30 min and 180 min post-exercise) were statistically evaluated using Two-way 

repeated-measurement analysis of variance (time and trained status were the analyzed 

factors) followed by Bonferroni post hoc analysis. 
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A two-tailed P value <0.05 was considered statistically significant in all tests. Statistical 

analyses were performed using Microsoft Excel 2007 (Microsoft, Redmond, USA), SPSS 

software (Version 17.0 for Windows, SPSS Inc., Chicago, IL, USA) and GraphPad Prism 

(Version 6.0 for Windows, GraphPad Software Inc., San Diego, CA, USA). 
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3. Results 

3.1 Descriptive analysis between resistance trained and untrained groups 

Five healthy resistance exercise trained and 5 untrained men participated in this pilot study. 

The characteristics of enrolled subjects are summarized in Table 1. Subjects in strength 

trained (KT) group had higher maximum force during bench pull (p<0.05), leg bench pull 

and leg press (p<0.01) compared with untrained (UT) group. There was no significant 

difference between KT and UT groups regarding VO2max, power Max., knee extention 

Max., age, weight and BMI.  

 

3.2 Microarray analysis to observe exercise induced muscle adaptation in response    

to acute RE in trained and untrained healthy young men  

3.2.1 Muscle transcriptional responses to an acute bout of resistance exercise 

Significantly changed genes (FC <-1.5 or >1.5 and FDR <0.1) were analyzed out of the 

total 44,875 genes detected by Microarray in trained and untrained status at different time 

points. 

Comparison between pre- and post-exercise gene expression at different time points 

showed that 2,011 genes in skeletal muscle from KT subjects and 188 genes in skeletal 

muscle from UT subjects exhibited different expression profiles (FC <-1.5 or >1.5; FDR 

<0.1) 30 min post-exercise (Figure 17). It also showed that 2,775 significantly changed 

genes in KT and 651 ones in UT had different expression profiles 180 min post-exercise 

(Figure 18). Thus, it is clear that there were more genes showing a significant difference in 

KT than UT at any time points, and the majority of these genes were up-regulated. 
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Figure 17: Differential gene expression post-exercise (+30‘): A: pre-exercise; C: 30min post 

-exercise. KTC vs KTA: 2,011 significantly changed genes (up: 1427 genes, down: 584 genes); 

UTC vs UTA: 188 significantly changed genes (up: 143 genes, down: 45 genes). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Differential gene expression post-exercise (+180 min). A: pre-exercise; D: 180 min 

post-exercise. KTD vs KTA: 2,775 significantly changed genes (up: 1795 genes, down: 980 genes); 

UTD vs UTA: 651 significantly changed genes (up: 501 genes, down: 150 genes). 

 

3.2.2 Differences in significantly expressed genes between KT and UT 

In brief, the above data indicated that an acute bout of resistance exercise caused 

significant changes in gene expression not only in trained muscle but also in untrained 

muscle and the majority of these significantly expressed genes were up-regulated in both 

KT and UT at any time points (Figure 17 and 18). 

After all these genes being ranked according to the mean fold-change in expression in 

trained and untrained muscle 30min and 180 min post-exercise compared with baseline 

respectively, the top 20 differentially up-regulated genes (FC > 1.5; FDR<0.1) (Table 6) 

and the top 10 differentially down-regulated genes (FC <- 1.5; FDR<0.1) (Table 7) were 

found to be different, with KT showing more significantly expressed genes associated with 

muscle cell development and growth, apoptosis and immune activity. 
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Table 6: The top 20 differentially up-regulated genes in KT and UT.  

Symbol 

UTC    

vs 

UTA 

Symbol 

UTD   

vs 

UTA 

Symbol 
KTC    

vs KTA 
Symbol 

KTD   

vs KTA 

FOS 36 ANKRD1 37,04 FOS 53 ANKRD1 76,92 

HMOX1 14,9 CCL2 20,41 CYR61 20 MYC 33,33 

SOCS3 13,9 SOCS3 19,61 PLA2G2A 19,6 CCL2 31,25 

MT1A 13,85 NR4A3 19,4 CCL2 16,9 SOCS3 26,6 

NNMT 13,33 MYC 16,2 SERPINA3 14 FOS 22,6 

ATF3 10,7 SIK1 16,13 ANKRD1 13,69 GADD45A 21,74 

CYR61 10,6 ATF3 14,5 NR4A3 13 GADD45B 18,7 

EGR1 10,1 FOS 14,4 EGR1 11,6 MT1A 16,6 

SIK1 10,0 THBS1 12,6 ATF3 11,2 SERPINA3 15,38 

JUNB 9,09 CDKN1A 11,9 SAA1 10,5 NNMT 15,15 

NFIL3 8,33 HMOX1 10,6 NNMT 10,4 THBS1 14,1 

DUSP1 7,9 MT1A 10,0 CHI3L1 10 THBD 13,7 

HK2 7,69 EGR1 9,7 NR4A2 9,6 EGR1 13,5 

CXCL2 7,3 MAFF 9,09 JUNB 8,3 ACTC1 13,33 

SERPINE1 7,19 CYR61 8,7 ACTC1 7,69 NR4A3 12,8 

TGM2 7,1 RRAD 8,33 CXCL2 7,5 PLA2G2A 12 

BTG2 6,3 FNIP2 7,9 NR4A1 6,96 PDE4B 11,6 

IER5 5,88 GADD45B 7,14 PDE4B 6,9 CDKN1A 11,1 

GADD45B 5,3 IL1R1 7,1 GADD45B 6,25 AMPD3 10,99 

CEBPD 4,9 ABHD2 6,3 GADD45A 5,88 CYR61 10,2 

Note: Differentially up-regulated genes are all with FC ≥ 1.5; FDR<0.1; KT: resistance (strength) 

trained; UT: untrained; A: pre-exercise; C: 30 min post-exercise; D: 180 min post-exercise. 
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Table 7: The top 10 differentially down-regulated genes in KT and UT. 

Symbol 

UTC    

vs 

UTA 

Symbol 
UTD   

vs UTA 
Symbol 

KTC    

vs 

KTA 

Symbol 

KTD      

vs 

KTA 

TPCN1 -2.44 PPFIBP2 -2.04 MSTN -2.9 PDP1 -3.68 

TRAK1 -2.5 NDRG3 -2.62 ANK1 -2.85 CIART -3.9 

ISLR -2.5 TPCN1 -2.8 ENPP5 -2.85 MSTN -4.1 

MASP2 -2.6 DBP -2.8 PDP1 -3.12 PER1 -4.12 

NDRG3 -2.7 PDP1 -2.78 AQP4 -3.3 ENPP5 -4.12 

ANKS1A -2.8 CIART -2.94 PERM1 -3.3 SBK1 -4.36 

MSTN -2.8 TRO -3.05 FBXO40 -3.35 AQP4 -4.9 

RNPC3 -2.9 SIX1 -3.12 SBK1 -3.61 SLC38A3 -5.2 

DISP1 -3.13 FILIP1L -4.5 FILIP1L -4.0 KLHL38 -5.86 

Note: Differentially down-regulated genes are all with FC <- 1.5; FDR<0.1; KT: resistance 

(strength) trained; UT: untrained; A: pre-exercise; C: 30 min post-exercise; D: 180 min post 

–exercise. 

 

3.2.3 Gene functional annotation with DAVID  

All the up- and down-regulated gene lists obtained from Microarray experiment were then 

submitted to DAVID Bioinformatics resources to get some functional gene lists by 

mapping them to the existing biological annotation terms (e.g., Kyto Encyclopedia of 

Genes and Genomes [KEGG] pathways and Gene Ontology [GO] terms) in a 

high-throughput manner. 

Each of the annotation terms was then examined by the Fisher Exact test to identify the one 

with significantly enriched genes (p<0.05). As shown in Tables 8-11, compared with UT, 

KT group had more GO terms and pathways with higher enrichment score and more genes 

involved in muscle cell development and growth, immune activity, angiogenesis, as well as 

in metabolism 30 min or 180 min post-exercise. In addition, it seems UT group had more 

GO terms with higher enrichment score and a greater number of genes related to cell 

survival and apoptosis than KT 30 min post-exercise, however, this response was reversed 

180 min post-exercise. 
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Table 8: GO terms and KEGG pathways in KTC vs KTA. 

Category Annotation term 
Enrichment 

score 
Count P value 

 

GO:0006954 

Response to immune activity 

Inflammatory response 

 

6.5 

 

42 

 

2.0E-5 

GO:0002758 innate immune response 3.01 7 5.7E-3 

 Muscle Cell growth and development   

GO:0008092 Cytoskeletal protein binding 4.77 65 3.4E-8 

GO:0030036 Actin cytoskeleton organization 4.74 35 2.4E-6 

GO:0001817  Regulation of cell proliferation 3.8 37 2.7E-6 

GO:0030016 Myofibril  2.9 26 3.3E-6 

Hsa04012 ErbB signaling pathway 2.08 13 2.0E-2 

Hsa04810 Regulation of  actin cytoskeleton 1.7 32 1.5E-3 

 Cell survival and apoptosis    

GO:0042981 Regulation of apoptosis  4.19 65 8.5E-9 

GO:0010941 Regulation of cell death  3.46 81 6.0E-5 

Hsa04115 P53 signaling pathway 2.66 14 3.4E-3 

Hsa04210 Apoptosis  2.4 15 3.2E-3 

Hsa04110 Cell cycle 1.67 15 4.6E-2 

 Vascular development   

GO:0009611 Response to wounding  6.5 77 1.4E-11 

GO:0001525 Angiogenesis 5.78 27 2.0E-6 

 Intra- and intercellular signaling   

GO:0051090 Regulation of transcription factor 

activity 

3.01 19 7.9E-5 

GO:0051092 positive regulation of NF-kappaB 

transcription factor activity 

2.96 11 1.9E-4 

GO:0009967 Regulation of signal transduction 2.59 29 2.4E-3 

Hsa04010 MAPK signaling pathway 2.92 37 2.1E-3 

HSa04630 Jak-STAT signaling pathway 1.71 19 2.7E-2 

Hsa04722 Neurotrophin signaling pathway 2.24 20 1.2E-3 

 metabolism    

GO:0010033   Response to organic substance 4.08 93 6.8E-11 

GO:001088 Regulation of lipid storage 2.5 6 8.9E-3 

Hsa04920 Adipocytokine signaling pathway 2.7 13 2.5E-3 

Note: The top 10~15 significantly enriched GO terms and 5~10 KEGG pathways in KTC vs KTA 

are shown. Count indicates how many analyzed genes belong to each enriched category. KT: 

resistance (strength) trained; A: pre-exercise; C: 30 min post-exercise. P value <0.05 indicates 

significance enrichment by the Fisher Exact test.  

 

 

 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
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Table 9: GO terms and KEGG pathways in KTD vs KTA. 

Category Annotation term 
Enrichment 

score 
Count P value 

 Response to immune activity    

GO:0006954 Inflammatory response 5.49 49 6.6E-5 

GO:0002758 innate immune response 1.72 10 2.2E-3 

 Muscle Cell growth and development   

GO:0008092 Cytoskeletal protein binding 4.5 74 1.7E-6 

GO:0030036 Actin cytoskeleton organization 4.4 43 4.5E-5 

GO:0030029 Actin filament-based process 3.67 39 9.3E-5 

GO:0030016 Myofibril 3.04 23 9.5E-5 

GO:0014706 Muscle tissue development 1.94 19 9.4E-3 

Hsa04512 ECM-receptor interaction 1.83 15 4.0E-2 

Hsa04810 Regulation of actin cytoskeleton 1.73 34 1.8E-3 

 Cell survival and apoptosis    

GO:0042981 Regulation of apoptosis  3.6 103 8.9E-6 

GO:0010941 Regulation of cell death  3.5 92 9.6E-6 

Hsa04115 P53 signaling pathway 2.66 14 3.4E-3 

 Vascular development    

GO:0001525 Angiogenesis 7.75 33 4.1E-7 

GO:0009611 Response to wounding  5.49 88 4.4E-10 

 Intra- and intercellular signaling   

GO:0051090 Regulation of transcription factor 

activity 

3.01 19 7.9E-5 

GO:0051092 positive regulation of NF-kappaB 

transcription factor activity 

2.96 11 1.9E-4 

GO:0009967 Regulation of signal transduction 2.59 29 2.4E-3 

Hsa04010 MAPK signaling pathway 2.92 37 2.1E-3 

HSa04630 Jak-STAT signaling pathway 1.71 19 2.7E-2 

Hsa04722 Neurotrophin signaling pathway 2.24 20 1.2E-3 

 metabolism    

GO:0010033   Response to organic substance 4.08 93 6.8E-11 

GO:001088 Regulation of lipid storage 2.5 6 8.9E-3 

Hsa04920 Adipocytokine signaling pathway 2.7 13 2.5E-3 

Note: The top 10~15 significantly enriched GO terms and 5~10 KEGG pathways in KTD vs KTA 

are shown. Count indicates how many analyzed genes belong to each enriched category. KT: 

resistance (strength) trained; A: pre-exercise; D: 180 min post-exercise. P value <0.05 indicates 

significance enrichment by the Fisher Exact test.  

 

 

 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
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Table 10: GO terms and KEGG pathways in UTC vs UTA. 

Category Annotation term 
Enrichment 

score 
Count P value 

 Response to immune activity    

GO:0006954 Inflammatory response 4.13 41 4.6E-4 

 Muscle Cell growth and development   

GO:0008092 Cytoskeletal protein binding 3.29 67 9.4E-7 

GO:0030036 Actin cytoskeleton organization 3.69 33 1.4E-3 

GO:0030029 Actin filament-based process 1.6 26 2.3E-5 

GO:0030016 Myofibril 2.55 19 4.8E-4 

Hsa04810 Regulation of actin cytoskeleton 1.89 33 4.5E-4 

 Cell survival and apoptosis    

GO:0042981 Regulation of apoptosis  5.59 106 4.5E-10 

GO:0010941 Regulation of cell death  5.2 98 8.7E-10 

GO:0001558 Regulation of growth  4.19 49 3.8E-6 

Hsa04115 P53 signaling pathway 2.6 13 7.5E-3 

Hsa04210 Apoptosis  1.98 14 2.0E-2 

Hsa04110 Cell cycle 1.67 17 4.3E-2 

 Vascular development    

GO:0001525 Angiogenesis 4.08 25 1.1E-4 

 GO:0009611 Response to wounding  4.13 74 2.7E-8 

 Intra- and intercellular signaling    

GO:0051090 Regulation of transcription factor 

activity 

3.3 20 1.0E-4 

GO:0051092 positive regulation of NF-kappaB 

transcription factor activity 

3.2 12 9.6E-5 

GO:0009967 Regulation of signal transduction 2.3 25 2.3E-3 

Hsa04722 Neurotrophin signaling pathway 1.79 18 2.1E-2 

Hsa04010 MAPK signaling pathway 1.52 33 1.4E-2 

 metabolism    

GO:0010033   Response to organic substance 4.12 62 7.6E-12 

GO:001088 Regulation of lipid storage 1.2 5 3.2E-3 

Note: The top 10~15 significantly enriched GO terms and 5~10 KEGG pathways in UTC vs UTA 

are shown. Count indicates how many analyzed genes belong to each enriched category. UT: 

untrained; A: pre-exercise; C: 30 min post-exercise. P value <0.05 indicates significance 

enrichment by the Fisher Exact test.  

 

 

 

 

 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0051092
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Table 11: GO terms and KEGG pathways in UTD vs UTA. 

Category Annotation term 
Enrichment 

score 
Count P value 

 

GO:0006954 

Response to immune activity 

Inflammatory response 

 

2.04 

 

29 

 

8.2E-2 

 Muscle Cell growth and development   

GO:0030036 Actin cytoskeleton organization 3.1 26 2.3E-3 

GO:0030029 Actin filament-based process 2.91 32 2.3E-4 

GO:0030016 Myofibril 3.1 17 1.1E-4 

GO:0008092 Cytoskeletal protein binding 1.8 59 1.4E-5 

GO:0014706 Skeletal Muscle tissue development 1.7 12 2.6E-2 

GO:0001817  Regulation of cell proliferation 1.6 14 2.3E-5 

Hsa04810 Regulation of  actin cytoskeleton 1.75 27 2.0E-3 

 Cell survival and apoptosis    

GO:0042981 Regulation of apoptosis  3.47 87 3.4E-6 

GO:0001558 Regulation of cell growth  3.21 28 1.6E-4 

Hsa04115 P53 signaling pathway 2.38 12 1.0E-2 

Hsa04210 Apoptosis  2.02 13 2.5E-2 

Hsa05200 Pathway in cancer 1.73 42 4.5E-4 

 Vascular development    

GO:0001525 Angiogenesis 2.79 20 3.6E-3 

GO:0009611 Response to wounding  2.04 61 2.1E-5 

 Intra- and intercellular signaling   

GO:0051090 Regulation of transcription factor 

activity 

1.8 21 1.6E-4 

GO:0009967 Regulation of signal transduction 2.1 26 1.8E-3 

GO:1902533 Regulation of protein kinase cascade 2.0 29 3.5E-3 

Hsa04010 MAPK signaling pathway 1.77 35 1.0E-3 

Hsa04722 Neurotrophin signaling pathway 2.18 20 1.6E-3 

 metabolism    

GO:001088 Regulation of lipid storage 1.4 7 2.8E-3 

Note: The top 10~15 significantly enriched GO terms and 5~10 KEGG pathways in UTD vs UTA 

are shown. The Count indicates how many analyzed genes belong to each enriched category. UT: 

untrained; A: pre-exercise; D: 180 min post-exercise. P value <0.05 indicates significance 

enrichment by the Fisher Exact test.  

 

Since the functional analysis of gene list is only an exploratory procedure rather than a 

strictly statistical solution, we made a final selection of target genes not only based on the 

magnitude of fold-changes and the enrichment score of GO & KEGG terms, but also 

referred to our existing knowledge of skeletal muscle transcriptional responses to 

resistance exercise.
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As a result, 17 candidate genes were selected and further divided into four groups based on 

their function (Table 12, Figure 19). 

 

Table 12: 17 target genes were selected after an acute bout of resistance exercise. 

Gene Symbol 
UTC VS UTA UTD VS UTA KTC VS KTA KTD VS KTA 

(FC) (FC) (FC) (FC) 

Metabolism: 

NR4A 1 4.55 NC 6.96 2.88 

NR4A 2 6.9 NC 9.6 NC 

NR4A 3 5.2 9.4 13 12.8 

FNDC5 NC NC -1.7 -1.52 

IL6 NC NC NC 5.56 

Vascular development: 

ANGPT2 NC NC 2.1 2.08 

ANGPTL4 NC NC NC 2.17 

CYR61 10.6 8.7 20 10.2 

Muscle Cell growth and development: 

MuRF-1/Trim63 2.5 2.56 2.0 1.67 

Myostatin -2.8 -4.18 -2.9 -4.1 

CSRP3/MLP NC NC NC 1.82 

ACTC1 NC 3.85 7.69 13.33 

IGF1 NC NC NC NC 

Cell survival and apoptosis: 

Gadd45a 6.25 7.69 5.88 21.74 

Gadd45b 5.5 7.14 6.25 19.6 

Ankrd1/CARP 4.76 37 13.69 76.9 

Ankrd2 NC NC 2 2.86 

Note: KT: resistance (strength) trained; UT: untrained; A: pre-exercise; C: 30 min post-exercise; D: 

180 min post –exercise. NC: no change. FC: fold change. 
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Figure 19: Target genes induced by an acute bout of resistance exercise in trained and untrained 

muscle. More significant expression of genes involved in metabolism, muscle cell growth, vascular 

development, cell survival and apoptosis was observed in KT to acute exercise than UT when 

compared with respective control (pre-exercise). 

 

3.3 Validation of Microarray data by qRT-PCR analysis 

The Microarray analysis provided an important approach to simultaneously select target 

genes with biological features from thousands of genes. Moreover, 17 candidate genes 

involved in different function were validated using qRT-PCR analysis. Among them, the 

mRNA expressions of 14 target genes in skeletal muscle following an acute of resistance 

exercise in KT and UT at corresponding time points were observed and analyzed (Figure 

20-23).  

 

3.3.1 Changes in acute RE induced mRNA expression related to angiogenesis 

As shown in Figure 20, no significant difference in mRNA expression of ANGPT2 and 

ANGPTL4 was observed following an acute bout of resistance exercise in either KT or UT 

when compared with the respective control at any time points, although the mRNA 

expression of ANGPTL4 was obviously increased at 180 min post- exercise. 

 

 

 

 

 

Acute bout of 

resistance 

exercise 

Muscle growth and development: 

IGF1, MSTN, MuRF1, CSRP3, 

ACTC1, NR4A 

 

Metabolism: 

NR4A1,NR4A2,NR4A3, 

FNDC5,IL6 

 

Vascular development:   

ANGPTL4, ANGPT2, 

CYR61 

 

Cell survival and apoptosis: 

GADD45a, GADD45b, 

ANKRD1, ANKRD2 
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Figure 20: mRNA levels of ANGPT2 and ANGPTL4 before (A: baseline) and after (C: 30 min, D: 

180 min) acute resistance exercise in trained (KT) and untrained muscle (UT). Fold- changes in 

mRNA levels of genes are all normalized to GAPDH and relative to baseline levels of untrained 

muscle (UTA). Values were presented as means ± SD (n=5).  

 

3.3.2 Changes in acute RE induced mRNA expression related to muscle cell growth 

and development 

Observed from Figure 21B and 21D, the level of MURF-1 gene expression in skeletal 

muscle was equal to each other in KT and UT at baseline, and then increased quickly 

following acute exercise at 30 min, significantly in UT (p<0.05 UTC vs UTA), afterwards, 

it decreased at 180 min post-exercise in both KT and UT but still remained above baseline 

level (p>0.05). Myostatin (MSTN) mRNA level was lower in KTA than UTA (p<0.05), 

which was significantly decreased in response to acute exercise at 30 min, subsequently, 

slightly went up at 180 min in UT (p<0.05 UTC vs UTA, UTD vs UTA). Notably, there 

was no significant change in MSTN expression in KT following acute exercise. In addition, 

there was no significant difference in gene expression of CSRP3, IGF1 and ACTC1 in KT 

A 

B 
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and UT at any time point. 

 

 

B a s e lin e 3 0 m in 1 8 0 m in

0

5

1 0

1 5

2 0

C S R P 3

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

UT

KT

 

 

B a s e lin e 3 0 m in 1 8 0 m in

0

2

4

6

8

1 0

M U R F -1

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

UT

KT
*

 

 

 

 

B a s e lin e 3 0 m in 1 8 0 m in

0

1

2

3

4

IG F 1

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

UT

KT

 

 

 

 

 

B 

A 

C 



RESULTS                                                                         43 

 

 

B a s e lin e 3 0 m in 1 8 0 m in

0 .0

0 .5

1 .0

1 .5

2 .0

M S T N

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

UT

KT*

**

#

 

 

B a s e lin e 3 0 m in 1 8 0 m in

0

1

2

3

A C T C 1

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

UT

KT

 

Figure 21: mRNA levels of CSRP3, MURF-1, IGF1, ACTC1 and Myostatin (MSTN) before (A: 

baseline) and after (C: 30 min, D: 180 min) acute resistance exercise in trained (KT) and untrained 

muscle (UT). Fold- changes in mRNA levels of genes are all normalized to GAPDH and relative to 

baseline levels of untrained muscle (UTA). Values were presented as means ± SD (n=5).Significant 

differences (Murf-1: *P<0.05, UTC vs UTA. MSTN:*P<0.05, UTA vs KTA; **P<0.01, UTA vs 

UTC; #P<0.05, UTA vs UTD). 

 

3.3.3 Changes in acute RE induced mRNA expression related to metabolism 

The mRNA expression related to metabolism following acute exercise in UT and KT was 

validated (Figure 22). The gene expression of NR4A1 in skeletal muscle was higher in KT 

than UT at baseline (p>0.05). Acute RE significantly induced NR4A1 expression in KT 30 

min post-exercise (p<0.05 KTC vs KTA), which then gradually went down at 180 min 

post-exercise. However, less response was observed in UT (all p>0.05). The similar pattern 

of NR4A2 gene expression was displayed following acute RE in both KT and UT, while 

the changes were insignificant.  

A strong induction following acute RE in KT at 30 min was showed in NR4A3 mRNA 

level, which was further increased at 180 min (**P<0.01, KTD vs UTD; # #P<0.01, KTA

D 

E 
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vs KTD), whereas there was no significant change in UT in response to acute RE. 

Interestingly, FNDC5 mRNA level following acute RE in KT was lower than that in UT at 

baseline, 30 min or 180 min post-exercise, although there were no significant differences. 
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Figure 22: mRNA levels of NR4A1, NR4A2, NR4A3 and FNDC5 before (A: baseline) and after 

(C: 30 min, D: 180 min) acute resistance exercise in trained (KT) and untrained muscle (UT). Fold- 

changes in mRNA levels of genes are all normalized to GAPDH and relative to baseline levels of 

untrained muscle (UTA). Values were presented as means ± SD (n=5).Significant differences 

(NR4A1: *P<0.05, KTC vs KTA. NR4A3:**P<0.01, KTD vs UTD; # #P<0.01, KTA vs KTD). 

 

3.3.4 Changes in acute RE induced mRNA expression related to cell survival and 

apoptosis 

From Figure 23, it is clear that KTA had higher gene expression of ANKRD1 than UTA 

(p>0.05), which was suddenly decreased in response to acute RE at 30min post-exercise 

and then significantly increased at 180 min post-exercise (p<0.05 KTD vs KTC). 

Correspondingly, ANKRD1 mRNA level was gradually increased following acute RE, 

although not significantly.  

Besides, there was no significant difference in gene expression of GADD45A and PGC1 

were observed in either KT or UT. 
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Figure 23: mRNA levels of ANKRD1, ANKRD1, GADD45A and PGC1a before (A: baseline) and 

after (C: 30 min, D: 180 min) acute resistance exercise in trained (KT) and untrained muscle (UT). 

Fold- changes in mRNA levels of genes are all normalized to GAPDH and relative to baseline 

levels of untrained muscle (UTA). Values were presented as means ± SD (n=5). Significant 

differences (ANKRD1: *P<0.05, KTD vs KTC). 

 

3.4 EPS induced C2C12 as in vitro exercise model to mimic the expression pattern of 

in vivo exercise model 
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3.4.1 High-frequencies EPS significantly stimulate the mRNA expression of genes 

related to muscle cell growth and development  

To evaluate the effects of EPS with low and high frequencies on muscle cell growth and 

development, C2C12 myotubes were continuously stimulated using EPS with either 1Hz, 

10Hz or 50Hz, 1ms and 14V for 4 h. then isolated RNA and purified protein were used to 

perform qRT-PCR and Western Blot analysis. As shown in Figure 24A, there was a trend 

that EPS promoted p70S6K1 activity in a frequency-dependent manner when compared 

with no stimulation (control group), especially the application of EPS with higher 

frequency (10Hz and 50Hz) significantly activated the expression of p70S6K1 (P<0.05, 

10Hz vs control, 50Hz vs control); however, only EPS with 50Hz rather than 10Hz 

significantly increased the mRNA expression of myogenic markers MyoD with respect to 

either control, 1Hz or 50Hz and the gene expression of MyoG compared with 1Hz and 

50Hz, both of which showed EPS with high frequency (50Hz) led to muscle cell growth 

and hypertrophy as the effect of resistance exercise on Human skeletal muscle hypertrophy. 

It was notable that EPS with 10Hz increased the p70S6K1 activity a little higher than 50Hz 

while decreased the gene expression of MyoD and MyoG compared to the control (p>0.05). 

Besides, there was no significantly changed expression of protein and genes between 1Hz 

and control.  
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Figure 24: Low and high-frequency EPS mimicking exercise. A, myotubes were stimulated by EPS 

with 1Hz, 10Hz or 50Hz, 1ms and 14V for 4 h. Then myotube cell lysates were obtained for 

immunodetection of P70S6K1 (GAPDH as reference) (upper panels). The bar graph shows the 

result of the densitometric quantification as means ± SD. (* p<0.05 10Hz vs control, 50Hz vs 

control). B, RNA was isolated from cultured myotubes after EPS and quantitative qRT-PCR was 

performed. Values are normalized to levels of housekeeping gene GAPDH and are shown as fold 

increase to control cells (means ±SD; n=3). Significant differences (MyoD: *P<0.05, 50Hz vs 

control, 1Hz and 10Hz; myogenin: *P<0.05, 50Hz vs 1Hz and 10Hz).
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3.4.2 High-frequency EPS induced specific gene expression related to resistance 

exercise 

Subsequently, high-frequency (50Hz) EPS was chosen to induce myotubes for either 90 

min or 90 min for consecutive 4 days to mimic acute or chronic exercise (training), 

followed by observing the effects of this model on expression of NR4A1, ANKRD1, 

MSTN, MURF-1, CSRP3 and PGC1 at mRNA level by qRT-PCR, as well as the 

expression of NR4A1 and MSTN at the protein level by Western Blot. As shown in figure 

25A and 25B, the mRNA expression of NR4A1 was increased in the chronic exercise 

model compared with acute exercise model at any time points (p<0.05 only at 30 min post 

exercise), in contrast, the expression of MSTN was decreased in chronic exercise at three 

time points (all p>0.05), which was in line with the observed mRNA expression, the 

protein levels of NR4A1 were higher and MSTN were lower at chronic exercise than the 

acute model at the corresponding time points; both of which showed a similar gene 

expression trend as we observed in human skeletal muscle in trained and untrained muscle. 

Unlike, there was no significant difference in ANKRD1 and PGC1a mRNA expression 

between the acute and chronic exercise, in addition, the mRNA expression of MURF-1 and 

TRIM-63 were not measured.  

 

 

 

c o n tr o l 3 0 m in 1 8 0 m in

0 .0

0 .5

1 .0

1 .5

N R 4 A 1

R
e

la
ti

v
e

 N
R

4
A

1
 B

a
n

d
 I

n
te

n
s

it
y

a c u te

c h ro n ic

 

A 



RESULTS                                                                         50 

 

c o n tr o l 3 0 m in 1 8 0 m in

0 .0

0 .2

0 .4

0 .6

0 .8

R
e

la
ti

v
e

 M
S

T
N

 B
a

n
d

 I
n

te
n

s
it

y

a c u te

c h ro n ic*

M S T N

 

 

 

c o n tr o l 3 0 m in 1 8 0 m in

0

1

2

3

4

N R 4 A 1

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

a c u te

c h ro n ic

*

 

c o n tr o l 3 0 m in 1 8 0 m in

0 .0

0 .5

1 .0

1 .5

2 .0

M S T N

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

a c u te

c h ro n ic

 

c o n tr o l 3 0 m in 1 8 0 m in

0 .0

0 .5

1 .0

1 .5

2 .0

A N K R D 1

R
e

la
ti

v
e

 e
x

p
r
e

s
s

io
n

a c u te

c h ro n ic

 

 

 

B 



RESULTS                                                                         51 

 

c o n tr o l 3 0 m in 1 8 0 m in

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P G C 1 a
R

e
la

ti
v

e
 e

x
p

r
e

s
s

io
n

a c u te

c h ro n ic

 

Figure 25: High-frequency EPS induced Myotubes mimic acute and chronic exercise. A, 

C2C12 myotubes were treated using EPS with 50Hz, 1ms and 14V for either 90 min or 90 min 

for consecutive 4 days. Afterwards myotube cell lysates were obtained to detect NR4A1 and 

MSTN protein by immunoblotting (GAPDH as reference) (upper panels). The histogram shows 

the result of the densitometric quantification as means ± SD (n=3). MSTN * p<0.05 acute vs 

chronic at 180min.B, NR4A1,MSTN, ANKRD1 and PPARGC1A (C) mRNA levels were 

determined in myotubes induced by EPS for 90min and 90 min for consecutive 4 days with 14 

V, 50 Hz, and 1 ms. RNA was isolated from cultured myotubes after EPS and quantitative 

qRT-PCR was performed. Values are normalized to levels of housekeeping gene GAPDH and 

are shown as fold increase to control cells (means ±SD; n=3). Significant differences 

(NR4A1: *P<0.05, chronic vs acute at 30 min).  
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4. Discussion 

To the best of the author’s knowledge, there have been few studies using Microarray 

analysis to examine the early global mRNA expression in skeletal muscle from resistance 

trained and untrained subjects following an acute bout of resistance exercise (AE). The 

major goal of our microarray study was to observe the trained and untrained muscle 

transcriptional response to AE in healthy young men and to explore the effects of 

resistance exercise (RE) training on the early gene expression changes. It was shown AE 

induced more enriched GO terms and a greater number of KEGG pathways during early 

gene expression in trained than untrained muscle. And the most significant transcriptional 

response is involved in cell apoptosis, angiogenesis, muscle growth and hypertrophy, as 

well as metabolism. In the C2C12 cell culture study, we evaluated the effects of different 

EPS protocols (that is, low frequency versus high frequency) on the expression of genes 

involved in muscle proliferation and hypertrophy, and found that high-frequency EPS was 

more likely to promote the expression of myogenic genes and proteins compared with 

low-frequency EPS. Moreover, the high-frequency EPS model was set to determine the 

expression changes of target genes identified from the microarray study. As we expected, 

high-frequency EPS could partly mimic the gene expression pattern induced by AE in 

resistance exercise of trained and untrained muscle. 

The main findings from the above two studies are discussed in the following: 

 

4.1 Transcriptional responses to acute RE in trained and untrained muscle  

The key advantage of the high-throughput microarray technology is to enable researchers 

to examine the expression change of thousands of genes simultaneously under certain 

biological conditions. In the present study, DNA microarray was applied to examine the 

global mRNA expression in skeletal muscle following an acute bout of resistance exercise 

in trained and untrained healthy young men. It was found that the majority of altered genes 

in trained muscle was also changed in untrained muscle, furthermore, the number of genes 

with a significant difference and the magnitude of gene expression was much greater in 

trained (KT) than in untrained muscle (UT) during an early phase of recovery (180 minutes 
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post-exercise) after an acute bout of RE. Moreover, in both trained and untrained muscle, 

the vast majority of those significantly changed genes were up-regulated, indicating that 

the transcription of these genes was activated in response to acute RE. These findings were 

similar to those observed from other microarray studies with resistance or endurance 

exercise protocols, which also showed that the majority of the mRNA expressions involved 

in exercise recovery and adaptation were significantly increased (Mahoney et al. 2005, 

Gordon et al. 2012). 

Subsequently, all these significantly expressed genes were submitted to DAVID 

Bioinformatics Resources to extract biological features with the target gene list by 

mapping it to the associated biological annotation terms (e.g., GO terms and KEGG 

Pathway) in a high-throughput manner, which provided important insights into the 

understanding of the biological meaning of this current study. 

The result showed that trained muscle following acute RE had more significantly enriched 

GO terms and KEGG pathways with higher mRNA expression level related to muscle 

growth and hypertrophy, metabolic regulation, and vascular development than untrained 

muscle, especially at 30 min post-exercise. However, the activity of cell apoptosis-related 

genes seemed to be higher in untrained than trained muscle, which indicated that untrained 

muscle was more susceptible to acute exercise induced damage or apoptosis, while RE 

training may attenuate this muscle damage.  

Given the complexity of a high-throughput biological data-mining system, the functional 

annotation bioinformatics analysis is just an exploratory way to find candidate genes 

instead of a statistical determination. Moreover, in order to get more insight into the 

underlying molecular mechanism of adaptive response of muscle to RE, the lists of above 

enriched GO terms and KEGG pathways with function related genes, and the top-ranked 

significantly expressed genes between trained and untrained muscle, as well as some genes 

with known roles in muscle remodeling following resistance exercise were taken together 

into consideration as criteria to obtain the final 17 genes, which were further divided into 

four functional groups according to their different biological function during skeletal 

muscle adaptation for further exploration.
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4.1.1 Acute RE regulated gene expression related to metabolism 

It is commonly accepted that endurance exercise training increases oxidative capacity 

during metabolic adaptation, which is achieved by an increase in mRNA expression of 

genes involved in mitochondrial biogenesis (Irrcher et al.2003; Joseph et al. 2006), lipid 

utilization (Horowitz et al. 2000; Schmitt et al.2003), glucose transport (Kramer et al. 

2007), and the oxidative metabolism enzymes (Schmutz et al. 2006) in skeletal muscle. 

However, the molecular response of muscle metabolic adaptation to resistance exercise is 

limited and unclear, some studies indicated that RE had a minor to negligible metabolic 

effect during muscle adaptation (Tesch 1987; Green et al. 1999), whereas recent studies 

have provided some evidences in favor of enhanced metabolic adaptation in response to 

RE, including enhanced whole body oxidative function, increased phosphocreatine and 

glycogen content (Goreham et al. 1999; Tang et al. 2007; Salvadego et al. 2013).  

The orphan NR4A subgroup, one of the nuclear hormone receptor (NR) superfamily, is 

comprised of NR4A1 (Nur77), NR4A2 (Nurr1) and NR4A3 (NOR-1). All of these NRs are 

classified as early response genes, the expression of which is induced by a diverse range of 

signals, including fatty acids, stress, neurotransmitters, physical stimuli (e.g., exercise) and 

peptide hormones etc. (Katagiri et al. 1997; Borghaei et al. 1998; Roche et al. 1999; 

Honkaniemi et al. 2000; Kagaya et al. 2005; Kawasaki et al. 2009). 

Thus far, several studies have consistently shown that NR4As are involved in a wide array 

of pathologies, including cell proliferation and differentiation, immune homeostasis, 

memory formation, as well as metabolic regulation (Maxwell et al. 2005; Heard et al. 2010; 

Gizard et al. 2011; Hawk et al. 2012; Sekiya et al. 2013).  

It was observed by Maxwell et al. that transfection of siNur77 reduced gene and protein 

expression associated with lipid and energy homeostasis in skeletal muscle, including 

AMP-activated protein kinaseγ3, UCP3, adiponectin receptor 2, GLUT4 and resulted in 

decreased lipolysis. Pearen et al. also reported that beta2-AR agonist (formoterol) treated 

mice induced the expression of NOR-1 gene that activates fatty acid oxidation; while 

C2C12 cells transfected with a silent interfering RNA targeting NOR-1 decreased palmitate 

oxidation and increased lactate accumulation (Paren et al. 2008). 
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Present data showed that mRNA expression of NR4A1, NR4A2 and NR4A3 were 

increased in response to acute RE regardless of the training status, but the magnitude of 

increase differed depending on training status. NR4A1 mRNA expression level was higher 

in trained than untrained muscle at baseline, then it was significantly peaked at 30 min 

post-exercise; NR4A3 expression was also increased but peaked at 180 min post-exercise 

and the magnitude was much higher in trained than untrained muscle, which is not the 

same as the previous findings reported by Nader et al. (Nader et al. 2014), who suggested 

RE training and acute RE resulted in muscle metabolic regulation by enhancing the 

expression of NR4A1 and NR4A3 gene 240min post-exercise, however, the magnitude of 

gene expression induced by acute RE were similar regardless of the training status. 

Recently, accumulating evidence also shows that myokines secreted by skeletal muscle 

during exercise play an important role in the regulation of several physiological processes, 

including muscle metabolism and cell growth (Kostrominova 2016). Among them, Irisin, a 

proteolytic derivative of the muscle integral membrane protein fibronectin type III domain 

containing 5 (FNDC5), discovered by Boström et al. is found to exert local muscular effect 

and endocrine effects on distant organs. It is reported that exercise training induces the 

mRNA expression of FNDC5 by upregulating PGC-1α gene expression in human muscle, 

leading to increased irisin levels, subsequently, which can convert white fat into brown fat, 

thus enhancing metabolic uncoupling and hence caloric expenditure (Boström et al. 2012). 

However, the recent findings on the response of FNDC5 and irisin to exercise are unclear, 

and several studies questioned the effects of exercise training on FNDC5 gene expression 

and irisin secretion, as well as the actual role of irisin in metabolic homeostasis (Sharma et 

al.2012; Roberts et al. 2013). Timmons et al. found that muscle FNDC5 mRNA expression 

was increased only in a minority of endurance-trained older subjects and that 

exercise-induced improvements in insulin sensitivity are not associated with FNDC5 gene 

expression (Timmons et al. 2012). It was also reported that irisin level was lower in 

resistance exercise trained than untrained group (Hecksteden et al. 2013; 

Scharhag-Rosenberger et al. 2014).  

A similar trend to decrease FNDC5 gene expression following acute RE in trained muscle  
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than in untrained muscle was observed in the present study, although there was no 

significant difference. Besides, no significant change of PGC1a expression was observed 

inmuscle regardless of the training status; we speculated that FNDC5 and PGC1a gene 

expression may not be significantly modified by either acute resistance exercise or RE 

training. Furthermore, exercise training may attenuate FNDC5 and PGC1a expression 

following acute exercise in young healthy men. Certainly, considering the small sample 

size and the possibility of the inconsistency of expression in protein and mRNA level in the 

present study, these findings should be further confirmed by enlarging the sample size and 

measuring irisin levels simultaneously in future studies. 

We also determined the IL-6 mRNA expression according to microarray data, which was 

identified as the first myokine, and previously reported to increase lipolysis and fatty acid 

oxidation (van Hall et al. 2003); Trenerry et al. found resistance exercise transiently 

increased IL-6 protein concentration at 3 h post-exercise (Trenerry et al. 2011), however, 

the IL-6 expression was not detected by qRT-PCR in the present study. One can speculate 

that this discrepancy in IL-6 expression between different studies may be partly explained 

by the difference in exercise protocol and sample time-points, as well as primer quality or a 

non-constitutively expressed reference gene GAPDH, which may be affected by exercise.  

 

4.1.2 RE regulated gene expression involved in muscle cell growth and development 

Muscle hypertrophy in response to resistance training is the most important change during 

muscle remodeling, which is achieved mainly by increasing protein synthesis and 

decreasing protein degradation (Bolster et al. 2003; Sartorelli et al. 2004). A variety of 

gain- and loss-of function studies on the molecular mechanism of muscle hypertrophy were 

performed, the most well-known pathway is IGF1-Akt-mTOR pathway; the key genes 

related to muscle growth, hypertrophy and atrophy include IGF-1, Myostatin, MuRF1, and 

Atrogin-1 etc. 

It is widely observed that muscle IGF-1 expression at mRNA and protein level increase 

during contractile activity (Hameed et al. 2003; Adams et al. 2004; Kim et al. 2005), 

whereas, as observed before, the effect of resistance exercise on IGF-1 in human skeletal 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Trenerry%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=21321954
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muscle is discrepant, the level of IGF-1 induced by resistance exercise has been reported to 

increase (Petrella et al. 2006; Rojas et al. 2010), decrease (Psilander et al. 2003, Bickel et 

al. 2005) or remain unchanged (Hameed et al. 2003, Walker et al. 2004, Ahtiainen et al. 

2016). 

In the present study, although not significantly, we found that the mRNA expression of 

IGF-1 was decreased immediately following an acute RE, whereas it was then increased 

gradually (180 min post-exercise), especially in trained muscle. This observation indicated 

that there might be a late response (4~24h) of IGF-1 gene expression to RE. However, 

Walker et al. reported that the IGF-1 expression was unlikely to be enhanced by RE 

(Walker et al. 2004). Causes of these discrepancies might be due to the different exercise 

modes and individual variability, which requires clarification in further studies. 

MSTN, a negative regulator of muscle growth, is expressed and secreted by skeletal 

muscle, and plays a vital role in muscle hypertrophy and atrophy. Mutations or inhibition 

of MSTN gene were found to increase muscle mass in both animal and human studies 

(Clop et al. 2006). In the present study, it was observed that untrained muscle had a higher 

mRNA expression of MSTN than trained muscle at baseline, which was strongly 

suppressed after acute RE at 30 min post-exercise and then slightly increased in untrained 

status. Although the gene expression change was not significant, there was a trend of 

decrease in MSTN expression following acute RE in trained status, which may be 

indicative of an attenuated response of MSTN expression with RE training.  

In addition, MuRF1 (Trim63), as an important ubiquitin ligase protein, was found to be 

up-regulated during skeletal atrophy (Jones et al. 2004; Bodine et al. 2001; Bolster et al. 

2003). Mascher H et al. reported that MuRF1 was elevated after the first resistance 

exercise but reduced in response to repeated exercise (Mascher H et al. 2008). In the 

current study, a similar trend was observed, showing that MuRF1 expression was increased 

following an acute bout of RE. However, the gene expression was somehow lower in 

trained than untrained muscle both 30 min and 180 min post-exercise, suggesting that RE 

training may attenuate this acute transcriptional response. 

As aforementioned, NR4A1 (Nur77) has for a long time been recognized as a key regulator  

 

http://yyjyc.08952.com/tgya/jfcha.asp?chaa=discrepant&aa=4
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of energy expenditure during exercise, exhibiting increased oxidative metabolism (Chao et 

al. 2009). However, it was recently identified as an important determinant of muscle mass 

by regulating a variety of gene expressions involved in muscle growth, development and 

hypertrophy including IGF-1, MSTN, MuRF1 and Fbxo32 et al. (Tontonoz et al. 2015). 

Present result also showed the level of NR4A1 expression was higher in trained muscle at 

baseline, which was significantly increased quickly and then slightly decreased at 180 min 

post-exercise. 

Interestingly, it is notably that the expression change of MSTN was almost inversely 

correlated with that of NR4A1 following an acute RE at corresponding time points, 

especially in trained muscle. Moreover, similar to NR4A1, MSTN also participates in both 

muscle metabolism and muscle hypertrophy, several studies have already shown that 

inhibition of MSTN after exercise in skeletal muscle plays a vital role in energy 

metabolism and utilization by regulating glucose uptake and insulin sensitivity (Guo et al. 

2009; Hjorth et al.2016).  

Taken together, the dynamic expression pattern between NR4A1 and MSTN, and their 

converse effect on muscle growth and metabolism indicated a potential link between them, 

adding more evidence to the novel insight that RE training induced NR4A1 expression 

may regulate muscle mass by repressing MSTN and MurRF1 expression (Tontonoz et al. 

2015). Thus, we speculated that the interaction between NR4A1 and MSTN may play a 

key role in the modulation of muscle hypertrophy and metabolism during RE induced 

adaptation, although their cellular function still remains largely unknown and need to be 

explored in future. 

 

4.1.3 RE regulated the expression of angiogenesis-related genes 

Exercised-induced vascular remodeling has long been shown to promote angiogenesis and 

to improve endothelial function. However, it was mainly observed during endurance 

exercise training (Seals et al. 2008), and the effects of resistance exercise on vascular 

remodeling is equivocal, in some studies RE has been reported to increase artery diameter 

accompanied by muscle hypertrophy (Zoeller et al. 2009) and to improve rather vascular 
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function compared with untrained controls (Rakobowchuk et al. 2005), while in some 

rodent studies no changes are found (Esfahanni et al.2014; Karimian et al. 2015). 

Cysteine-rich 61 (CYR61), ANGPT2 and Angiopoietin-like protein 4 (ANGPTL4) are 

important angiogenesis factors that modulate endothelial cell differentiation and stability. 

Moreover, CYR61 and ANGPTL4 have proangiogenic activities. Yet, in contrast, 

ANGPT2 is angiogenic inhibitors (Grzeszkiewicz et al. 2002; Le Jan et al. 2003; Katoh et 

al. 2006). 

Our microarray data found that trained muscle had more significant expression changes of 

CYR61, ANGPT2 and ANGPTL4 than untrained muscle following acute RE. However, 

the expression of CYR61 was not detected with qRT-PCR validation. Additionally, there 

was only a slight change in ANGPT2 expression, and the ANGPTL4 expression was 

shown to be gradually increased in a time manner following acute RE, especially in trained 

muscle. This is inconsistent to the previous study (Nader et al. 2014) which showed that 

CYR61 was highly induced by acute RE, but was fully suppressed by RE training. 

Meanwhile, ANGPT2 expression was not induced by acute RE but significantly decreased 

in trained muscle. This difference may be partly due to the different exercise protocols, 

muscle sampled, or sample sizes, but it might also indicate the complex process of vascular 

remodeling during RE. Thus, more studies are needed to further explore its underlying 

mechanism. 

 

4.1.4 RE activates genes expression that regulates cell survival and apoptosis 

It is recognized that autophagy activation and apoptosis inhibition triggered by resistance 

training may play a role during muscle remodeling (Luo et al. 2013, Tam et al. 2015).  

Our data from microarray analysis also showed some enriched GO terms and KEGG 

pathways with significantly expressed genes involved in cell survival and apoptosis, e.g., 

ANKRD1, ANKRD2, GADD45A and GADD 45B. 

Cardiac ankyrin repeat protein (Ankrd1, also named CARP) and ankyrin repeat domain 

containing protein 2 (Ankrd2), together with diabetes-related ankyrin repeat 

protein(Ankrd23), known as muscle ankyrin repeat proteins expressed in cardiac and 
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skeletal muscles, is a family of transcription regulator. Among them, ANKRD1 was shown 

to up-regulate the protein p21WAF1/CIP1(Laure et al. 2009) and promote p53 activity in 

skeletal muscle (Kojic et al. 2010), which suggest the role of Ankrd1/CARP in 

coordination of the expression of genes associated with cell proliferation, apoptosis or 

tumorogenesis. Growth Arrest DNA Damage (Gadd) 45 genes, including Gadd45a and 

Gadd45b are shown to function as cellular stress sensors. Recently, accumulated evidence 

implies that Gadd45 genes play a key role in cell cycle regulation and cellular stress 

responses via interaction with other cellular proteins involved in DNA repair, cell cycle 

arrest and cell survival, as well as proapoptosis (Liebermann and Hoffman 2008). 

As shown in our data, although there was no significant difference, the induction of 

Ankrd1 and Ankrd2 mRNA expression following an acute RE was higher in trained than 

untrained muscle especially at 180 min post-exercise. In addition, the level of Gadd45a 

expression was gradually increased after acute RE in a time-dependent manner, and there 

was also a trend that RE training could further enhance this response. This indicated that 

resistance exercise training may promote DNA repair and cell survival by enhancing the 

expression of Ankrd1, Ankrd2 and Gadd45a; and therefore prevent the muscle cells from 

injury induced by acute RE during muscle remodeling (Chen et al. 2003). 

Yet it should be noted that the conflicting mechanism of function of Gadd45 in cell 

survival and apoptosis is still unclear, although we speculated that it may partly depend on 

the extent of cellular/DNA damage. As a result, to gain a further insight into the definitive 

role of Gadd45 during exercise, future studies are needed to explore the underlying 

molecular mechanism.  

 

4.2 EPS induced C2C12 as acute and chronic exercise models 

4.2.1 The effect of low and high-frequency EPS on muscle cell growth and 

development 

The EPS induced myotube model is a valuable tool for the investigation of physiological 

processes in skeletal muscles in response to exercise. Furthermore, electrical stimulation is 

widely applied to in vivo animal and human muscle to keep muscle mass and function, and 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Liebermann%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=18789159
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoffman%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18789159
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high frequency (50~100Hz) was considered to be more suitable for improving force output, 

muscle movement and muscle mass (Atherton et al. 2005; Doucet et al. 2012). However, 

high-frequency EPS was less observed in C2C12 myotubes and the definition of high 

frequency is unclear (e.g.,10~50Hz) (Fujita et al. 2007; Ito et al. 2014). 

In the present study, we first explored the conditions how an EPS induced C2C12 

myotubes system serves as an in vitro model of exercise to explore muscle remodeling. 

EPS with three different types of frequencies were applied to C2C12 myotubes (as  

shown in method chapter); the expression of the myogenic differentiation (MyoD) and 

myogenin (MyoG) gene, as well as p70 ribosomal protein S6 kinase (p70S6K) protein, 

were determined as the indicators of acute proliferative and hypertrophic stimulation.  

p70S6K, as one of the primary downstream targets of Akt-mTOR signaling, links mTOR 

with gene translation. A variety of studies revealed the fundamental role of p70S6K in 

skeletal muscle hypertrophy, which is probably through increasing protein synthesis and 

cell size (Baar et al. 1999; Atherton et al. 2005; Ohanna et al. 2005; Ruvinsky et al. 2006; 

Burry et al. 2007). Moreover, it was observed that the upregulation of p70 S6K activity 

was induced by resistance training-like stimuli (Karlsson et al. 2004; Atherton et al. 2005; 

Terzis et al. 2008). 

MyoD and MyoG are among the best characterized myogenic regulatory factors (MRF) , 

which contribute to the activation, proliferation and differentiation of satellite cell (Zammit 

et al. 2004); the mRNA expression of MyoD and MyoG are expressed during muscle 

growth and hypertrophy progress (Ishido et al. 2004; Li et al. 2006) and increased by 

resistance training (Kosek et al. 2006).  

In agreement with previous findings (Scheler et al. 2013), the present study showed high- 

frequency EPS (14V, 50Hz and 1ms) could not only activate the phosphorylation of 

p70S6K1 but also increase mRNA expression of MyoD and MyoG, which suggested that 

the high-frequency EPS induced C2C12 myotube model could improve muscle 

proliferation and hypertrophy by inducing myogenic related gene expression as exercise 

did in human skeletal muscle.  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Doucet%20BM%5Bauth%5D
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4.2.2 The effect of high frequency EPS induced exercise mode on muscle adaptation 

The EPS induced C2C12 myotubes serve as an in vitro model of acute (50Hz for 90min) 

and chronic exercise (50Hz for 90min for consecutive 4d). It was performed to observe the 

expression of selected genes involved in muscle hypertrophy and metabolism, which were 

identified from the microarray study in human skeletal muscle after acute RE. In the 

C2C12 study, the expression pattern of NR4A1 and MSTN changed at both protein and 

gene level were similar with that in human skeletal muscle. It should be noted, however, no 

mRNA expression of MuRF1 and IGF1 were detected, and no significant change in 

ANKRD1 or PGC1 expression was observed in these exercise models; it is conceivable 

that these discrepancies were mainly due to the differences of muscle tissue, stimulation 

and species used. Furthermore a methodical reason should be considered too, namely the 

decision to use housekeeping gene GAPDH. Although a commonly used reference gene, it 

still cannot be excluded that GAPDH is affected by the EPS stimulation itself. If so, this 

would affect the outcome of the transcription analysis using qRT-PCR. 

Collectively, our data suggested that a high-frequency EPS induced myotube model could 

at least partly reproduce the effects of acute and chronic resistance exercise (exercise 

training) on muscle growth and hypertrophy, indicating the possibility and suitability of 

this in vitro cell model to explore the molecular mechanism during muscle adaptation 

induced by exercise in human. 

 

4.3 The limitations of microarray study and EPS induced C2C12 as acute and chronic 

exercise model 

There were some limitations regarding our microarray study which need to be considered 

when interpreting the results. Firstly, our study just focused on young healthy men and RE 

training, and the definition of the training status was largely based on their exercise history 

and performance test. Furthermore, sex and age differences, the nutritional status, as well 

as the different training protocols would also modify the resistance exercise induced 

transcriptional regulation in skeletal muscle (Liu et al. 2010; Farnfield et al. 2012). 

Secondly, given the difficulty in acquiring skeletal muscle samples, covering the whole 
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recovery stage is always an issue (e.g., 0~96 h post-exercise). Also posttranscriptional 

changes of gene expression might be sufficient to cause necessarily alterations on protein 

levels but protein expressions were not measured on our human samples as suggested 

earlier (Yang et al. 2005). In addition, there was a lack of direct comparison between the 

trained and untrained groups because of the data with high fold false change (FDR>0.1). 

Therefore, more accurate and complete information could not be provided, which may 

limit our understanding of the whole pattern of transcriptional change in trained and 

untrained muscle following an acute RE. As such, more studies with enlarged sample size, 

different ages and sex, ample muscle sample and more sample timings, as well as 

supervised exercise programs are required to comprehensively expand the understanding of 

the molecular and cellular mechanism during the exercise induced muscle adaptation.    

Furthermore, although C2C12 was widely investigated as an exercise model for a long 

time, there still exists a biological difference between C2C12 and human myotubes. 

Compared with human myotubes, C2C12 myotubes displayed less relevant morphological 

and biochemical properties because of the different genetic background compared to 

humans (Gaster et al. 2001; Scheler et al. 2013; Nikolić et al.2012).Therefore, it is hard to 

directly compare the effects of a non-systemic contractile C2C12 model that lacks of motor 

neurons and connective tissues on muscle growth and development with that of resistance 

exercise characterized by muscle loading and contraction during muscle adaptation in 

human skeletal muscle.  

Thus, in the future, an optimal in vitro exercise model should encompass a human skeletal 

muscle tissue co-cultured with motor neurons as reported by Ito et al., who recently found 

an in vitro functional human skeletal muscle tissue stimulated with continuous EP could 

increase twitch force as the way exercise load act on muscle (Ito et al. 2014), which could 

result in better mimicking the in situ condition of human skeletal muscle. 

Despite the above limitations, the present studies had also strengths and provides some 

novel findings. Firstly, it was observed that RE training not only enhanced the acute RE 

induced mRNA expression of genes and pathways in muscle but also selectively attenuate 

some transcriptional response to acute RE during muscle adaptation.Secondly, the author  
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found the in vitro high-frequency EPS induced C2C12 myotube model had the potential to 

partly mimic the expression pattern of in vivo resistance exercise models, suggesting the 

possibility of this model to explore the molecular mechanism during exercise induced in 

vivo muscle adaptation under controlled conditions. 
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5. Summary 

Although there is an increasing understanding about gene-specific transcriptional 

activation during acute or chronic resistance exercise (RE) induced adaptation, very few 

studies have used whole genome microarrays to clarify the underlying mechanism of 

molecular and cellular processes, which are involved in muscle adaptation after an acute 

bout of RE in healthy young men.  

Therefore microarray analysis as a high-throughput gene-screening tool was used to 

identify pathways and genes for quantitative real time polymerase chain reaction, which 

furthermore provide a comprehensive understanding of the early gene expression (0~180 

min post-exercise) in RE trained and untrained healthy young men following an acute bout 

of RE.  

This data demonstrated that the most genes induced by acute RE were observed in both 

trained and untrained muscle, moreover, RE trained muscle produced a higher number of 

differentially expressed genes and up-regulated the magnitude of gene expression changes 

to a greater extent than untrained muscle. Furthermore, this significantly enhanced mRNA 

expression of genes was found to be mainly involved in metabolism, vascular development, 

cell survival, muscle growth and development.                  

Based on this study, we also found that RE training could selectively attenuate the mRNA 

expression of some genes associated with myogenesis and metabolism following acute RE. 

More interestingly, an increase in mRNA expression of NR4A1 was observed to be 

correlated with a decrease in myostatin (MSTN) expression, especially in trained muscle, 

which combined with their counter effect on muscle remodeling and metabolism indicates 

that the interaction between NR4A1 and MSTN may be an important part of muscle 

development and homeostasis. Furthermore, in a C2C12 study, an acute and chronic 

exercise model with high-frequency electric pulse stimulation (EPS) induced C2C12 

myotubes for studying exercise-inducible responses in human skeletal muscle was 

employed. The data demonstrated this cell model could simulate some exercise-induced 

gene expression changes in RE trained and untrained muscle in vivo, at least for some 

selected genes suggesting that a high-frequency EPS induced myotube model could at least 
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partly mimic the effects of acute and chronic RE on human muscle growth and hypertrophy. 

This in vitro cell model may have the potential to be a useful tool to explore the complex 

molecular mechanism underlying the muscles’ responses to acute and chronic exercise. 
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