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ABSTRACT 
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AND MITOCHONDRIAL REMODELING FOLLOWING THE SUBSEQUENT 

RESISTANCE TRAINING 
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Doctor of Philosophy 
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Advisor: Dr. Joon-Young Park 

 

 Purpose: In response to resistance exercise training, it has been shown that 

individuals with a previous training history acquire muscle volume at an accelerated rate. 

This phenomenon may be attributed, in part, to the myonuclear enrichment resulting from 

the proliferation of muscle progenitor cells, which promotes essential protein synthesis 

following subsequent muscle training. As a highly energy demand tissue, the successful 

hypertrophy of muscle fiber depends on mitochondrial biogenic progression. Moreover, 

the majority of genes that encode mitochondrial proteins are within nuclear genome. 

Therefore, in this study, we investigated the effect of increased number of myonuclei in 

response to the previous resistance exercise preconditioning on mitochondrial adaptations 

to subsequent resistance training. Our central hypothesis was that pre-trained muscles 

would show an accelerated acquisition of training-induced mitochondrial function 

leading to a greater skeletal muscle hypertrophy compared to previously non-trained 
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muscles and this may be associated with increased number of myonuclei in the pre 

trained muscles. 

 Methods: Thirty-two Sprague-Dawley rats were randomly assigned to four 

groups (n=8 per group) which include control, pre-training, training, and retraining group. 

Resistance exercise training was carried out by ladder climbing with weights attached to 

the tail at ages of either 8- (pre-training) and 36-week-old (training), or both (retraining). 

Each training session consisted of 3 sets of 5 repetitions, and the training protocol was 

performed every third day for 8 weeks. At 44 weeks of age, specific muscle groups were 

carefully collected and stored at -80 °C until further analyses. 4', 6-Diamidino-2-

phenylindole staining, hematoxylin & eosin staining, cytochrome c oxidase and succinate 

dehydrogenase staining were performed. Western blotting and immunohistochemstry 

were performed to assess the abundance of mitochondrial regulatory proteins and the 

mitochondrial content. In complementary in vitro studies, confluent L6 myoblast cells 

were further grown in differentiation media for 4 days with or without insulin-like growth 

factor 1 (50 ng/ml) supplementation. Mitochondrial gene expression levels and 

mitochondrial respiratory function were assessed after 5-Aminoimidazole-4-carboxamide 

ribonucleotide (AICAR, 1 mM), a 5' AMP-activated protein kinase activator, treatment. 

 Results: Myonuclei numbers were higher in training and retraining groups than 

control group (all, p < 0.05), suggesting that ladder climbing training protocol increased 

myonuclei number. There was a significantly higher level of myonuclei number in 

pretraining group compared to the control group indicating that the acquired myonuclei 

during exercise preconditioning were retained over the 20-week detraining period. 

Muscle cross-sectional area, mitochondrial content and mitochondrial enzymatic 
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activities (COX and SDH) were significantly greater in retraining group compared to 

training group (p < 0.01, p < 0.01 and p < 0.05, respectively). In in vitro study, L6 

myotubes preconditioned with IGF-1 showed increased myonuclei numbers within each 

myotube and presented a higher level of mitochondrial gene expression and oxygen 

consumption rate under AICAR treatment condition. 

 Conclusions: These data provide physiological evidence that pre-trained muscle 

with more myonuclei make the muscles more responsive to subsequent training in terms 

of muscle hypertrophy and mitochondrial remodeling. Furthermore, this study provides a 

proof-of-concept of biological processes underlying potential nuclear-mitochondrial 

interplay during muscle hypertrophy. These findings warrant future studies to identify a 

novel target for mitochondrial medicine to treat muscle atrophy. 
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1. REVIEW OF LITERATURE 

 

1.1 Skeletal Muscle Hypertrophy 

 In adult muscles, hypertrophy is induced by muscle contraction. Basically, 

muscle hypertrophy occurs when the overall rates of protein synthesis exceed the rates of 

protein degradation (133). Proliferation, cell cycle withdrawal and subsequent 

differentiation to fuse into multinucleated syncytial myotubes of satellite cells play also a 

critical role in muscle enlargement in both postnatal and adult muscles (148). 

 

1.1.1 Animal Models for Muscle Overloading 

 1.1.1.1 Ladder climbing exercise 

 There are several weightlifting modalities developed to successfully induce 

muscle hypertrophy in rodents. Animal ladder climbing has been used as a resistance 

exercise modality in mice and rats (80). Of note, this technique was utilized in the current 

study. Rats are trained to climb a 1 meter vertical ladder with 2 cm grid step intervals. A 

cylinder containing weights can be attached to the tail to accelerate changes in muscle 

size and contractility. The initial weight is usually 50% of animal's body weight and is 

gradually increased when the animal can climb to the top of a ladder with a given load. 

After an 8-week training, more than 23% increase in the mass of flexor hallucis lognus 

(FHL) is often observed (80), suggesting the effectiveness of ladder climbing method to 

exert hindlimb muscle hypertrophy. 
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1.1.1.2 Squat Exercise 

 One of the traditional models of the experimental muscle overloading is a squat-

like exercise training which has been used by several laboratories to mimic the squat 

exercise in humans (45, 75). In this model, rats should initially be trained to stand upright 

and extend their hindlimbs. When animals are acclimatized to this position, a weight is 

loaded to the animal with belt, vest, or shoulder harness and the amount of weight is 

gradually increased throughout the resistance training. In order to motivate animals to 

continue lifting motion, a mild electric current can be applied to the animal's tail. After 

measurement of the maximum lifted weight with the squat-training apparatus, the training 

load is set at 65 to 75% of 1 RM. Every 2 weeks, 1 RM is determined and the training 

load is raised accordingly. The rats are subjected to 15 sets of training consisting of 15 

repetitions per set for 12 weeks. An average % increase in muscle mass is around 20% 

(75, 158). 
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1.1.1.3 Synergistic Ablation 

 Another experimental model of muscle hypertrophy is synergistic ablation. When 

synergistic muscles are rendered inactive, the remaining functional overloaded muscle 

must compensate for the loss. This is the basic principle of this model, and such adaptive 

response is also known as compensatory hypertrophy. Severing the tendon of synergist 

muscles is referred to as tenotomy. For example, severing gastrocnemius muscle for five 

days resulted in a 40% increase in soleus muscle mass and a 20% increase in plantaris 

muscle mass (51). However, after five days, there was no further change in the masses. In 

general, tenotomy produces a large initial, apparent hypertrophic response but it is due 

largely to tissue inflammation from the surgery. A hypertrophic response after several 

days of tenotomy often does not occur because the severed tendon reattaches (91). 

Severing muscle avoids the complication of tendon reattachment. However, any 

Figure 2.  Rodent model of weight lifting 
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hypertrophic responses for the first five days are still masked by the surgical trauma-

induced inflammation (9). The main advantage of these types of the overload models is 

the large and rapid hypertrophy that takes place. However, there is a question as to 

whether the results can be applicable to human subject. 

 

1.1.2 Exercise and Intramuscular Signal Transduction Pathways 

 Two major signaling pathways are proven to regulate skeletal muscle 

hypertrophy: (1) the insulin-like growth factor 1 (IGF-1) / phosphoinositide-3-kinase 

(PI3K) / Akt (also known as protein kinase B, PKB) / mammalian target of rapamycin 

(mTOR) pathway stimulates muscle growth as a positive regulator, and (2) myostatin / 

Smad3 pathway serves as a negative regulator. The role of the IGF-1 pathway has been 

supported by a variety of gain- and loss-of-function approaches (149). For example, 

muscle-specific inactivation of the IGF-1 receptor impairs muscle growth due to reduced 

muscle fiber number and size (95). Conversely, over-expression of IGF-1 in mouse 

model increases muscle mass (112). IGF-1 activates both the mitogen-activated protein 

kinase/extracellular signal regulated kinase (MAPK/ERK) and PI3K–Akt pathways. of 

these, only PI3K–Akt pathway was able to induce hypertrophy (110). Accordingly, the 

overexpression of Akt1 leads to a significant hypertrophy of transfected muscle fibers (14, 

65, 78, 121). Akt1 stimulates protein synthesis by activating mTOR and its downstream 

effectors. mTOR responds to multiple upstream signals, and it also controls several 

cellular processes in addition to protein synthesis by activation of autophagy-mediated 

amino acids recycling. The crucial role of mTOR in mediating muscle growth is further 

demonstrated by genetic evidence. For example, muscle-specific mTOR knockout causes 
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reduced postnatal growth, due to the reduced size of muscle fibers and myopathy (132). 

 

1.2 Satellite Cells within Skeletal Muscle 

 The muscle satellite cell was named on the basis of its anatomical location under 

the basement membrane surrounding each myofiber. The function of satellite cells were 

reported to regulate the process following muscle injury (94). Grafting experiments 

demonstrated that endogenous myogenic cells directly participate in myofiber repair  

(122). The transcriptional expression for satellite cell function in undifferentiated 

myogenic cells is dependent upon the paired-box transcription factors (Pax3 and Pax7). 

Pax3 is first expressed during development and is required for muscle formation (156). 

Pax7 was shown to be required for postnatal muscle growth and population of the 

satellite cell pool (150). The basic helix–loop–helix (bHLH) factors Myod1, Myf5, Myf6, 

and myogenin, known as the myogenic regulatory factors (MRFs), then act to advance 

satellite cells towards myogenic differentiation and fusion to form multinucleated 

myofibers (172). The upregulation of Myf5 and Myod1 is required for myogenic 

determination, and myogenin works downstream to trigger advancement to terminal 

differentiation of myocyte (166). Pax7 is expressed in quiescent satellite cells 

constitutively. When activated, satellite cells coexpress Pax7 and MyoD to induce 

proliferation and myogenic determination. And Pax7 expression is downregulated, and 

Myfs and myogenin are upregulated in terminal differentiation. Therefore, Pax7 and 

MRFs work cooperatively in a temporal manner (100). Satellite cells are activated from 

quiescent state by mainly microscopic injury to play their roles in hypertrophy and repair 

of adult muscle (109). It has been proposed that self-renewal cell is a primary mechanism 
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by which they divide in an asymmetrical manner, in which one daughter satellite cell is 

destined to myogenic differentiation and the other is programmed to proliferate or 

become quiescent to maintain satellite cell pool (15, 109). 

 

1.2.1 Exercise and Satellite Cell Responses  

 Resistance exercise training induces increase in muscle mass and muscle fiber 

cross sectional area (94). In contrast, endurance exercise induces metabolic adaptations to 

enhance substrate metabolism. The processes are significantly sophisticated by interplay 

among various organs, tissues and a plethora of signaling mechanisms. Satellite cells are 

also considered to play an important role in the exercise-induced adaptation (152). 

 The effect of strength training on satellite cell number has been investigated in a 

population of high-level power lifters (70). Satellite cell content was 70% higher in the 

trapezius muscle of power lifters compared with that of control subjects. Thus, in 

response to a long-term training, the satellite cell pool is enhanced. Satellite cell content 

was also investigated in high-level power lifters using anabolic steroids (71). The number 

of satellite cells in the trapezius muscle of power lifters using anabolic steroids is similar 

to that of power lifters who never used anabolic steroids (71). When satellite cells were 

studied in response to 10 weeks of resistance training in the trapezius muscle in adult 

female subjects, the increased cross-sectional area of muscle fibers was found with a 46% 

increment in the satellite cell population (73). Therefore, there is an agreement that 

resistance exercise induces satellite cell activation and proliferation. Aerobic exercise 

training is capable of inducing subtle muscle fiber hypertrophy. Whether satellite cell 

activation takes place during aerobic exercise-induced muscle adaptation was unknown 
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until a recent study showing differential fiber type regulation of the myonuclear accretion. 

The result demonstrated that twelve weeks of aerobic training in sedentary subjects 

yielded an increase in myonuclei number in slow twitch fibers but not in fast twitch fibers 

(47), showing that aerobic exercise increases satellite cell population in muscle specific 

manner. A single bout of exercise has been also demonstrated that satellite cells are 

activated as a sign of muscle regeneration (83, 97, 111, 146). Increased number of 

satellite cells were identified in human skeletal muscle in the first few days after a bout of 

eccentric exercise (33, 36, 44, 101, 105, 117). The number of satellite cells reached 

maximum 3 days after a bout of unaccustomed eccentric exercise (46, 113, 114, 168). 

  

1.2.2 Satellite Cell Regulators 

 A number of skeletal muscle-derived myokines and growth factors play an 

important role in satellite cell function during fiber regeneration (92, 102, 169, 174). 

Among them, IGF-1 and HGF are well-known molecules as satellite cell regulators, 

which is addressed below. 

 

1.2.2.1 Insulin-like growth factor-1 (IGF-1) 

 IGF-1 is a growth factor that is secreted by liver and muscle (26, 139, 183). It has 

been demonstrated that C2C12 myoblasts proliferate and differentiate in an accelerated 

rate when incubated with IGF-1 (184). In animal study, impaired IGF-1 signaling induces 

muscle atrophy by satellite cells dysfunction (187). Further animal studies demonstrated 

that local overexpression of IGF-1 alone induces skeletal muscle hypertrophy in 

conjunction with higher levels of satellite cell activation and proliferation. Furthermore, 
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when the proliferative capacity of satellite cells was destroyed by gamma radiation, IGF-

1 effect was significantly repressed, showing a link between IGF-1 and satellite cell (187). 

Both animal and human studies proves that IGF-1 play an essential role in muscle 

regeneration and hypertrophy by regulating the activation and proliferation of satellite 

cells. 

 

1.2.2.2 Hepatocyte growth factor (HGF) 

 HGF is a growth factor secreted from liver and activated in cytosol when various 

stimuli arrive (108, 162). HGF activates satellite cells by binding to the surface of the 

cells (4, 151, 159, 180). When animals are administered with HGF, the number of 

proliferative and differentiating satellite cells increases with enlargement in myofiber size 

(106, 159), suggesting that HGF stimulates satellite cell activation and proliferation (8, 

48, 84, 160). It has been also reported that HGF expression level is increased in 

experimental rat under muscle contraction, suggesting that exercise is a potent stimulator 

of satellite cells by regulating HGF expression. 

 

1.2.3 Molecular Techniques to Detect Satellite Cells 

 Despite the identification of several molecules expressed in satellite cells, there is 

no consensus as to which specific marker best labels satellite cells. The membrane-bound 

neural cell adhesion molecule (N-CAM), a cell-surface glycoprotein localized on satellite 

cells, has been demonstrated in adult skeletal muscle and is an established marker that 

has been used successfully in human studies (27, 62, 69). The Ca
2+

-dependent muscle 

specific cadherin (M-cadherin) has been also used in the detection of satellite cells in 
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rodent skeletal muscles (17, 63). Pax7 has been used for the detection of satellite cell 

(131). However, some satellite cell subpopulation in human has been shown not to be 

labeled with Pax7 (131). 

 

1.3 Exercise and Changes in Myonuclei Numbers 

 Skeletal muscle is highly plastic organ changing its mass, myofibrillar protein 

composition and contractile properties under different conditions. Disuse of muscle cause 

a decrease in the contractile properties and myofibril. It also leads to an overgrowth of the 

connective tissue and extracellular structures and a shifting of the phenotype of myosin 

heavy chains towards an increase in the expression of the fast isoforms. Adult muscle 

fiber represents a multinuclear structure formed by the fusion of myoblasts. Nuclei are 

located at the periphery of muscle fiber in the space between myofibrils and the cell 

membrane (sarcolemma). It has been considered that myonuclei quantity is important, 

since it determines the content of DNA for gene transcription (2). 

 Traditionally, it has been suggested that the myonuclear domain remains constant 

during atrophy and hypertrophy (2). A proportional increase in the myonuclei quantity 

and cytoplasm volume was observed on a model of hypertrophy induced by the removal 

of synergistic muscles (138). However, recent studies showed the variability of the 

myonuclear domain size in dogs and rats (1, 3). Thus, the theory of the myonuclear 

domain constancy turned out to be controversial, and this myonuclear domain theory has 

been further challenged in many studies of disuse and training (72, 119). In this regard, 

multiple studies with in vivo and ex vivo imaging analysis demonstrated that the number 

of myonuclei are retained during denervation-induced atrophy while fiber size decreases 
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significantly, disproving the idea that ratio of myonuclei to cytoplasm is constant (18-20). 

 It has been proven that various modes of exercise induce satellite cell activation, 

leading to increase in myonuclei number within myofiber. It has been suggested that 

treadmill running exercise increase the number of satellite cells and their mitotic activity 

(99, 165). In addition, chronic overloading induced by the removal of synergistic muscles 

was proven to increase myonuclei number in rodent model (20). These results suggest 

that both aerobic and resistance exercise can increase myonuclei number. However, there 

is some disagreement on exercise-induced myonuclei formation. A study on human 

subjects demonstrated that resistance training induces satellite cell activation and 

proliferation but fails to increase myonuclei number. In this regard, further studies are 

warrant to investigate if there is an optimal load imposed on the working muscle to 

increase myonuclei number. 

 

1.4. Mitochondrial Homeostasis in Skeletal Muscle 

 The mitochondrion is a double membrane-bound organelle found in most 

eukaryotic cells. Mitochondria are commonly between 0.75 and 3 um in diameter but 

vary in size and structure (175). In addition to supplying cellular energy, mitochondria 

are involved in other cellular works, such as signaling, cell death, and cell growth (96).  

Mitochondria are the powerhouse of most cells, generating energy as a form of ATP to 

sustain life at the expense of nutrient substrates and molecular O2. Considering its role in 

dynamic action and locomotion, skeletal muscle energy production needs to increase 

dramatically during repeated contraction (40, 41). Since skeletal muscle has a limited 

capacity to meet elevated metabolic demand under dynamic and prolonged locomotion 
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condition, there is a requirement for rapid and sustained ATP production, which is 

fulfilled mostly by mitochondria (59). Therefore, preserving mitochondrial homeostasis 

in skeletal muscle is considered to be critical for human muscle performance. This 

section addresses the key aspects of mitochondrial biology in skeletal muscle with 

emphasis on the importance of mitochondrial quality control in relation to exercise. 

1.4.1 Subcellular Localization of Mitochondria 

 Mitochondria in muscle fibers are located close to the muscle periphery under the 

sarcolemma, which are designated as subsarcolemmal mitochondria. The mitochondria 

located between the myofibrils are designated as intermyofibrillar mitochondria. Exercise 

training is known to preferentially increase the subsarcolemmal mitochondria as 

evidenced by many independent studies (13, 30, 140). Several evidence suggested that 

two mitochondrial subpopulations are capable of reacting individually to stress (32, 157). 

In some studies, intermyofibrillar mitochondria were shown to have higher respiration 

rates and higher respiration control ratios than subsarcolema mitochondria (90). However, 

the functional identity of sarcolemma and intermyofibrillar mitochondria in response to 

various stimuli is still under research. 

 

1.4.2 Mitochondrial Biogenesis 

 Mitochondria are the primary regulators of cellular metabolism and form a 

reticular network within mammalian skeletal muscle (181). Exercise potently stimulates 

muscle mitochondrial content and the increased mitochondrial biogenesis following 

exercise training is thought to be largely attributed to the cumulative effects of each acute 

bout of exercise (58, 115, 123). The effects of exercise are sensed by most organs 
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including cardiovascular, neuroendocrine, respiratory and musculoskeletal systems. 

Importantly, some forms of exercise training counteract skeletal muscle loss (31, 60). 

Beneficial adaptations to endurance exercise training with prolonged duration in skeletal 

muscle include the activation of transcription dependent pathways that impinge on 

mitochondrial biogenesis, mitochondrial quality and mitophagy (54, 87, 89). This section 

addresses some of the key signaling molecule in relation in exercise-induced 

mitochondria biogenesis. 

 

1.4.2.1 Exercise and Mitochondrial Biogenesis 

 A key step in the exercise-induced mitochondrial biogenesis pathway in skeletal 

muscle following exercise involves PCG-1α (177). Several hours following acute 

exercise the gene expression of skeletal muscle PGC-1α, nuclear respiratory factors 1 and 

2 (NRF-1 and NRF-2) and mitochondrial transcription factor A (Tfam) is increased 

significantly (98, 177). Acute exercise also activates AMP-activated protein kinase 

(AMPK), which is known to phosphorylate and activate PGC-1α subsquently (67, 98). 

Additional regulation by PGC-1α  also appears to involve its subcellular localization. In 

skeletal muscle under resting conditions, most PGC-1α protein is localized in the cytosol, 

however following exercise PGC-1α protein translocates to the nucleus  from cytosol 

(144, 178). Recent study also suggests that following exercise there is a translocation of 

PGC-1α to the mitochondria for coactivation of Tfam (144). Further post-translational 

modification of PGC-1α can be achieved following its deaceylation by sirtuin-1 (SIRT-1), 

which is activated by increased NAD
+ 

levels (50). However SIRT-1 is not essential for 

exercise-induced mitochondrial biogenesis since muscle specific SIRT-1 knockout mice 



14 

 

have normal increases in mitochondrial content following endurance training (103, 125). 

 During exercise there is an increase in several molecular signals in skeletal 

muscle that are responsible for mitochondrial biogenesis after exercise. Theses molecular 

signals include elevated levels of cytosolic Ca
2+

, AMP, reactive oxygen species (ROS), 

and NAD
+ 

(10, 50, 64, 98). Increasing cytosolic Ca
2+

 levels in L6 muscle cells via 

caffeine treatment activates Ca
2+

-calmodulin kinase (CAMK) and increases 

mitochondrial biogenesis markers including PGC-1α, Tfam, cytochrome c-oxidase (COX) 

and citrate synthase (10, 98). The activation of muscle AMPK by 5′aminoimidazole-4-

carboxyamide-ribonucleoside (AICAR) in L6 muscle cells also increases multiple 

mitochondrial biogenesis markers. Increasing ROS levels in skeletal muscle cells 

activates the redox sensitive kinases, AMPK and p38 MAPK, resulting in elevated PGC-

1α and these ROS effects are attenuated by co-treatment with antioxidant (64). 

 

1.4.2.1.1 PGC-1α and PGC-1β  

 Mitochondrial biogenesis is regulated by two important coactivators (PGC-1α 

and PGC-1β). These coactivators are mainly expressed in energy-demanding and 

mitochondria abundant tissues like heart and skeletal muscle. Exercise, fasting and cold 

exposure highly regulate their expression (137). Since PGC-1α and PGC-1β are 

coactivators that lack DNA binding domains, they initiate their function by regulating 

several transcription factors including PPARs, nuclear respiratory factors (NRFs), 

myocyte enhancing factors (MEFs), estrogen-related receptor (ERR), forkhead box 

(FoxOs), and yin-yang (YY1) (85, 120, 186). Exercise greatly stimulates PGC-1α via a 

transcription-dependent upregulation and by several post-translational modifications like 
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phosphorylation and deacetylation (39). Moreover, acute endurance exercise promotes 

the translocation of PGC-1α from the cytosol to the nucleus and mitochondria (144). This 

can explain nuclear and mitochondrial crosstalk to modulate mitochondrial biogenic gene 

expression. 

 Interestingly, deletion of PGC-1α or PGC-1β in rodent model showed mild 

phenotypes (82, 173). Although, exercise capacity was found reduced in PGC-1α 

knockout mice in resting condition, exercise-induced mitochondrial adaptations in PGC-

1α knockout mice were similar to wild-type animals (49, 81), showing that these two 

coactivators compensate each other at least in part. Therefore, the deletion of both, PGC-

1α and PGC-1β induce severe mitochondrial dysfunction that leads to accelerated 

depletion of glycogen stores during exercise (186).  

 

1.4.3 Mitochondrial Fusion and Fission Dynamics  

 Mitochondria are the primary controllers of cellular metabolism and form a 

reticular network within mammalian skeletal muscle (118). This network is dynamic in 

nature, with the mitochondria joining and separating the network in processes termed 

fusion and fission, respectively. This dynamic process allows the mitochondria to share 

components, such as mitochondrial DNA (mtDNA), and to also degrade and remove 

damaged components, through a process called mitophagy. The mitochondrial content 

within the cell at any one time is a balance between mitochondrial biogenesis (synthesis) 

and its degradation via mitophagy (142, 182). Importantly, endurance training regulates 

many of these processes to ultimately increase or maintain a high level of mitochondrial 

content within skeletal muscle. 
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1.4.3.1 Exercise and Cell Signaling for Mitochondrial Dynamics 

 Maintaining mitochondrial shape, size and networking and function requires the 

autophagic degradation and removal of damaged mitochondria via the process of 

mitophagy. Mitophagy is active in the basal state, during development and under stress 

conditions (147). It is controlled by the balance between fission and fusion that involve 

mitofusin 1 (MFN1) and 2 (MFN2), optic atrophy 1 (OPA1), and dynamin related-protein 

1 (Drp1), as well as established mitophagy proteins such as BCL2/adenovirus E1B 

19 kDa interacting protein 3 (Bnip3), Parkinson protein 2, E3 ubiquitin protein ligase 

(Parkin), sequestosome 1 (p62/SQSTM1) and PTEN-induced putative kinase 1 (PINK1) 

(136). Mitochondrial fission and the associated loss in membrane potential play a key 

role in orchestrating mitophagy (43, 163). The disruption in fission leads to an 

accumulation of damaged and dysfunctional mitochondria and is lethal in newborn 

humans and mice (164, 171). MFN1 and MFN2 are located on the outer mitochondrial 

membrane. They are able to form homo- and hetero-oligomers that stimulate the tethering 

and the fusion of outer mitochondrial membranes from different mitochondria (134). 

Recently, studies have shown that disruption of the mitochondrial network, a general 

term describing the content, shape and localization of the mitochondria, plays a role in 

activating skeletal muscle atrophy program (135). Deletion of both MFN1 and MFN2 in 

mouse skeletal muscle causes mitochondrial dysfunction, compensatory mitochondrial 

proliferation, mtDNA depletion, high levels of mtDNA mutations and muscle atrophy 

(28). It has also been shown that mitochondrial fission activates an AMPK–Forkhead box 

O3a (FoXO3a) axis that induces muscle atrophy genes and muscle loss (135). This may 
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seem contradictory as exercise stimulates AMPK and the activation of PGC-1α (67). It 

appears that the type of upstream signal that activates AMPK may direct the downstream 

pathway it will target. Exercise increases MFN2 mRNA and the phosphorylation of 

DRP1 in human skeletal muscle (24, 68). In contrast, reducing physical activity in rats by 

3 weeks of hindlimb unloading decreases Drp1 and Mfn2 mRNA levels (129). These 

results suggest that the level of muscle contraction controls not only mitochondrial 

biogenesis but also mitochondrial dynamics. 
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2. INTRODUCTION 

Originally, the long lasting effects of previous strength training was considered to 

be attributed to a result of a distinct motor learning mechanism in the central nervous 

system (143). However, recent studies have suggested a novel mechanism in which 

increasing number of myonuclei within the pre-trained muscle fibers might be 

responsible for this phenomenon (19, 20, 42). The nuclear domain theory suggested that 

each myonucleus governs a designated area in the sarcoplasm. It was perceived that, 

despite changes in the size of muscle, the number of nuclei per a given area of 

sarcoplasma would be maintained (25, 56). However, this theory was challenged by 

recent findings using an advanced microscopic in vivo imaging techniques that, once 

synthesized, the number of myonuclei are retained during skeletal muscle atrophy (19). 

Interestingly, myofibers added with more myonuclei by means of steroid injection or 

overload have been shown to increase the capacity of gaining muscle mass following 

resistance training, and these phenomena occurred even after atrophy condition over 4 

weeks (19, 20, 42). These findings provide important pieces of evidence suggesting that 

myonuclei may serve as biological mediators for the muscle memory in pre-trained 

myofibers (20). However, these previous results were obtained through non-physiological 

experimental condition. Therefore, there is a need to investigate whether a 

physiologically feasible mode of exercise training is applicable to myonuclei-mediated 

muscle memory. 

Skeletal muscle consists of multinucleated fibers, which responds to exercise of 

various intensities (16, 57). Resistance exercise mainly induces increase in myofibrils, the 

contractile element of skeletal muscle (29, 77, 124). However, resistance exercise has 
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been also proven to increase mitochondrial protein synthesis (21). A study with the use of 

electron microscopy showed that 18-week resistance training increases oxidative 

phosphorylation capacity in conjunction with the fiber type switch from type ⅡB to ⅡA 

in human vastus lateralis muscle (93, 170). In addition, it has been observed that mRNA 

transcription of peroxisome proliferator-activated receptor-γ coactivator 1-alpha (PGC-1α) 

was significantly up-regulated in 6 h after an acute resistance exercise (21). Since PGC-

1α is a master regulator of mitochondrial biogenesis, which interacts and activates 

numerous mitochondria-related transcription factors (86), it is hypothesized that 

resistance exercise has great potential to modulate not only muscle mass but also 

mitochondrial functional properties in the skeletal muscle. 

Mitochondria are dynamic intracellular organelles that are crucial for producing 

energy during cell proliferation and growth. In skeletal muscle, the role of mitochondria 

is essential due to the nature of its dynamic locomotion (182). In addition, we previously 

demonstrated that proper mitochondrial dynamic activities are necessary for successful 

muscle development and function (74). More than 97% of the mitochondrial proteins are 

encoded in nuclear genome which have to be imported into mitochondria following 

expression (12, 141). These results suggest a possible link that nuclei in skeletal muscle is 

not only beneficial for regaining muscle mass but also mitochondrial function. Therefore, 

we hypothesized that increased number of myonuclei after resistance training would 

facilitate mitochondrial adaptations to the subsequent training. 

The aim of this study was to investigate the potential relevance of increased 

myonuclei number during the initial resistance exercise training to the re-acquisition of 

muscle volume and mitochondrial remodeling in response to subsequent retraining. 
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Based on the previous findings, we hypothesized that (i) resistance training would 

increase the number of myonuclei, (ii) myonuclei would maintain constantly during 

detraining period, and (iii) when subjected to resistance training, the pre-trained muscle 

would show greater adaptations in term of muscle mass and mitochondrial biogenesis 

compared to un-trained muscle. 
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3. SPECIFIC AIMS AND RELEVANCE OF THE RESEARCH 

3.1 Hypothesis 

 Several groups have recently demonstrated that the number of myonuclei retains 

during muscle atrophy. Furthermore, the myonuclei number to myofiber ratio is 

associated with enhanced capacity to gain more muscle mass during resistance exercise 

training (19, 20, 42). These findings provide an important piece of information 

suggesting that myonuclei may serve as a biological mediator of the muscle memory in 

the pre-trained myofibers (20). Since more than 97% of the mitochondrial proteins are 

encoded in the nuclear genome (12, 141), it is hypothesized that myonclear accretion 

plays a crucial role in mitochondrial function. Therefore, the central hypothesis of this 

study is that the increased number of myonuclei after previous training will facilitate 

mitochondrial adaptations in response to the subsequent resistance training. 

 

3.2. Specific Aims 

To test the central hypothesis the following specific aims are proposed: 

 

 Specific Aim 1. To investigate whether resistance exercise training and 

detraining modulates myonuclei number. 

 Working hypothesis 1.1. Resistance exercise training increases the number of 

myonuclei in rats: After 8-week resistance exercise training, single muscle fibers were 

isolated from FHL muscle and the number of myonuclei were determined. Comparisons 

were made between control and resistance training groups. 
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 Working hypothesis 1.2. Detraining does not alter myonuclei number. After 8-

week resistance exercise training, rats were subjected to detraining for subsequent 20 

weeks. Single muscle fibers were isolated from FHL muscle and the number of 

myonuclei were determined. Comparisons were made between control and resistance 

training groups. 

 

 Specific Aim 2. To investigate whether resistance exercise preconditioning 

regulates exercise-induced adaptation rate. 

 Working hypothesis 2.1. Resistance exercise preconditioning accelerates the 

acquisition of muscle mass on retraining. For retaining group, after 20 weeks of 

detraining period, pre-trained rats were subjected to 8-week resistance exercise training. 

For training group, age-matched rats without previous training episode were subjected to 

8-week resistance exercise training. Muscle mass and myofiber size were assessed. 

  

 Working hypothesis 2.2 Resistance exercise preconditioning accelerates the 

acquisition of mitochondrial function on retraining. For retaining group, after 20 weeks of 

detraining period, pre-trained rats were subjected to 8-week resistance exercise training. 

For training group, age-matched rats without previous training episode were subjected to 

8-week resistance exercise training. Expression levels of mitochondrial regulatory 

proteins and mitochondrial respiratory complexes enzymatic activities were measured. 

 

 For in-vitro study, L6 myoblasts were preconditioned with IGF-1 during 

myogenesis followed by AICAR treatment for mitochondrial stimulator. mRNA 
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expression levels of nuclear genome-encoded and mitochondrial genome-encoded genes 

related to mitochondrial respiratory complex were measured. Using real-time reverse 

transcriptase PCR, the expression levels of the nuclear genome-encoded (NDUFA1, 

NDUFV1, Sdha, Cys1, Uqcrc1, Cox17, and Atp5o) and mitochondrial-encoded (Cox2, 

Cytb, Nd1, Nd2, Nd5, and Atp6) genes were analyzed. Mitochondrial respiration rate was 

measured. 
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4. MATERIALS AND METHODS 

 Animals. Thirty two Sprague-Dawley rats were used. The experiment was 

approved by Texas A&M international University's Animal Care and Use Committee. All 

animals were randomly assigned into four groups (n = 8 per each group): control group 

(C), pre-training group (PT), training group (T), and retraining group (RT). Training was 

performed for 8 weeks at the age of either 8-wk (REXT1) or 36-wk old (REXT2), and 

was carried out by ladder climbing. PT group performed REXT1 only and T group 

performed REXT2 only whereas RT group performed both REXTs 1 and 2. A schematic 

diagram of protocol is presented in Figure 3. Animals were housed in pairs and kept on a 

standard 12:12-h dark-light cycle. All animals were provided food and water ad libitum 

and weighed once every week. 

 

Cell culture. L6 myoblasts were seeded onto a collagen-coated 24-well plate and were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum (37℃, 5% CO2). When L6 myoblasts were confluent (95%), medium was 

changed to differentiation medium (DM) supplemented with 2% horse serum and was 

incubated for 96 hours for myogenic differentiation. DM was changed every 24 hours 

until harvest for RT-PCR and mitochondrial respiratory capacity test. For the chemical 

treatment and experimental design, the subsets of L6 myoblasts were incubated in the 

presence of 50ng/ml IGF-1 in DM for 96 hours to facilitate myotube fusion rate. And L6 

myotubes were incubated with 1mM AICAR for 6 and 24 hours before the tests. 
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 Resistance training and detraining. A weight-loaded ladder climbing exercise 

was performed as described in Figure 3. All training sessions were carried out by 

experienced investigators. The ladder is 1 meter long with 2 cm rung spacing, which is 

inclined at 85 degrees. Acclimation sessions were conducted in three separate days by 

having animals to climb up the ladder without loading. For actual training, a cylindrical 

holder containing metal pieces was attached to the base of the animal's tail with foam 

tapes (3M Coban) fastened by Velcro stick back strips. The extra weight was initially 

set at 50% of the body weight and gradually increased up to ~300%. When needed, an 

investigator touched animal's tail using a soft brush to motivate animals. The climbing 

was terminated when an animal neglected to climb up the ladder following three 

successive attempts. Each training session consisted of 3 sets of 5 repetitions. One minute 

interval between repetitions and 2 minutes interval between sets were allowed. Each 

animal was trained twice a day (9:00 a.m. and 2:00 p.m.) every third day for 8 weeks. For 

detraining, animals were trained for 8 weeks and were kept in a cage for 20 weeks 

without these training sessions until sacrifice. 
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 Single muscle fiber isolation and myonuclei number count. Single muscle 

fiber was prepared using a method previously described by Verma and Asakura (2011) 

with slight modification (167). Briefly, frozen muscle tissues were incubated in pre-

chilled isopropanol for 120 min and washed three times with PBS. Then, the tissues were 

incubated in dissociation solution containing 0.2% collagenase type I (Sigma-Aldrich) at 

37°C until hair-like single fibers were projected. After dissociation of the single muscle 

fibers, the enzymatic activity was quenched by adding 2% FBS in DMEM. Single muscle 

fibers were then flushed out of the fiber bundles with heat-polished, serum-coated 

pipettes. Myonuclei numbers were determined by 4,6-diamidino-2-phenylindole (DAPI, 

300nM) staining. In order to test the existence of satellite cells in single myofiber 

samples, we also co-stained with Pax7 antibody, a satellite cell specific marker, using a 

monoclonal mouse anti-Pax7 antibody (Developmental Studies Hybridoma Bank, 

University of Iowa) in some myofibers (n > 20). For the Pax7 staining, myofiber was 

permeabilized (0.5% Triton X-100 with 5% heat inactivated horse serum in PBS), then 

incubated with the Pax7 antibody overnight at 4°C. The fluorochrome-conjugated anti-

mouse IgG secondary antibody (Molecular Probes) was used for visualization. We 

confirmed that there was no Pax7-positive cells in the single muscle fibers suggesting 

that satellite cells were completely removed during single cell preparation steps. 

  

 Histochemistry. For H&E staining, OCT embedded flexor hallucis longus 

muscles (FHL) were cut into 10 µm slices. The sections were fixed with 100% ethanol 

and rinsed with deionized dH2O. After incubation in hematoxylin solution (Thermo 
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Scientific) for 8 min, the sections were rinsed with H2O and ethanol subsequently before 

incubation in eosin Y solution (Thermo Scientific) for 1 min. The sections were rinsed 

with H2O and ethanol subsequently. Then, the samples were cleared with xylene and 

mounted with mounting medium. For histochemical analyses, OCT embedded fexor 

hallucis longus muscles were crosssectionally cut into 10 µm slices. Succinate 

dehydrogenase staining was performed using nitro blue tetrazolium as previously 

described (126). Briefly, tissue slides were incubated in a solution containing 0.2 M 

phosphate buffer (pH 7.6), 100 mM sodium succinate and 1.2 mM nitro blue tetrazolium 

for 90 min at 37°C. After removing unbound nitro blue tetrazolium by washing with 30% 

acetone solution, slides were placed inside of chemical hood until dry, then a cover glass 

was applied with a drop of Permount histological mounting medium (Fisher Scientific). 

Cytochrome c oxidase (COX) staining was performed using diaminobenzidine as 

previously described. (Pestronk A. Cythochrome oxidase staining protocol. 

Neuromuscular disease center, Washington University.  

(http://neuromuscular.wustl.edu/pathol/histol/cox.htm)  In brief, COX activity was 

determined in 10 ml dH2O containing 0.2 M Sucrose, 0.2 M Phosphate buffer (pH7.6), 

1.4 mM 3.3’ diaminobenzidine, 10 mg cytochrome C, 20 µg catalase. The reaction was 

run at room temperature for 60 min and stopped with repeated washes using distilled 

water. Samples were then dehydrated in ascending isopropanol concentrations (50, 70, 80, 

95, 100%). Lastly, samples were cleared with xylene and mounted with mounting 

medium. 

  

 Immunoblotting. The samples were homogenized and lysed in RIPA buffer (10 
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mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% 

Deoxycholate, pH 7.5). Following centrifugation (16,000g for 15 min at 4°C), 

supernatants were collected and subjected to Bradford assay to quantify protein 

concentrations. The resulting protein samples were subjected to SDS-PAGE and 

transferred to PVDF membrane. Subsequently, the membrane was blocked with 5% 

nonfat dry milk in TBST for 20 min at room temperature and incubated overnight with 

respective primary antibodies. Antibodies were purchased from the following sources: 

rabbit polyclonal anti-PGC-1α (Novus), mouse polyclonal DLP1 (BD transduction 

laboratories), mouse monoclonal Mfn2 (Santa cruz), rabbit polyclonal Fis1 (Alexis), 

mouse monoclonal α-tubulin (Sigma-Aldrich). The membranes were then washed twice 

in TBST and incubated with HRP-conjugated secondary antibodies for an hour followed 

by washing three times with TBST. Then, membranes were subjected to standard 

enhanced chemiluminescence (Thermo Fisher Scientific) method for visualization. 

 

 Immunohistochemistry. Frozen tissue sections were submerged in PBS three 

times for 5 min and fixed in 10% neutral buffered formalin for 10 min. Following antigen 

retrieval with citrate buffer (sodium citrate, 10mM-pH 6.0) in boiling water bath for 10 

min, the sections were washed with distilled water (3 times for 3 min each). The sections 

were submerged in MeOH containing 0.3% H2O2 for 20 min and washed with PBS (2 

times for 3 min) and with distilled water (once for 3 min). The sections were blocked 

with 5% normal goat serum for 60 min at room temperature in a humidified chamber. 

The primary monoclonal antibody (VDAC, Invitrogen) was applied to the sections 

overnight at 4°C in a humidified chamber. The sections were rinsed in PBS (3 times for 5 
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min each) and then incubated for 30 min with an alkaline phosphatase-streptavidin 

conjugate (Vector Laboratories). VDAC antibody binding was visualized using a DAB 

reaction (Vector kit, Vector Laboratories), which produces a brown precipitate. 

Following development, the sections were counter-stained with hematoxylin. 

  

  mRNA isolation, cDNA synthesis, and real-time PCR. mRNAs were 

isolated with the use of Dynabeads direct kit, and cDNA synthesis were performed on 

poly-dT magnetic beads by reverse transcription using superscript II (Invirogen). mRNA 

expression levels were quantified by real-time PCR using SYBR green fluorescence. 

Cycle threshold (Ct) values were normalized to the housekeeping gene HPRT1. mRNA 

expression levels of NDUFA1, NDUFV1, SDHA, CYS1, UQCRC1, COX17, ATP5O, 

ND1, ND2, ND5, ATP6, CYTB, COX2, and HPRT were assessed. Primer sequences 

used are described below: 

 NDUFA1 

 Sense, 5' - CATCCACAAGTTCACCAACG- 3' 

 Antisense, 5' - TGCACAGCCTTCTAACAGGA- 3' 

 NDUFV1 

 Sense, 5' - CATTTGTGCTCTGGGTGATG - 3' 

 Antisense, 5' - GAGAGTGGGCAGCACTTGTT -3' 

 SDHA 

 Sense, 5' - TACAAGGTGCGGATTGATGA - 3' 

 Antisense, 5' - AGGAACGGATAGCAGGAGGT- 3' 

 CYS1 
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 Sense, 5' - GCCCTAATGAGGATGGGAAT- 3' 

 Antisense, 5' - GTGGGAGGTTCACAGTAGCC- 3' 

 UQCRC1 

 Sense, 5' - GATCGAGAAGGAGCGAGATG- 3' 

 Antisense, 5' - GGAGCTTTGTAGTGCCTGCT- 3' 

 COX17 

 Sense, 5' - GCGATCGTTACTGCTTTCCT- 3' 

 Antisense, 5' - GCTCTCATGCACTCCTTGTG- 3' 

 ATP5O 

 Sense, 5' - CACAGTGACCACAGCGTTTC- 3' 

 Antisense, 5' - GCCTTGCTGAGCTTCTGAAT- 3' 

 ND1 

 Sense, 5' - CTCCCTATTCGGAGCCCTAC- 3' 

 Antisense, 5' - GGAGCTCGATTTGTTTCTGC- 3' 

 ND2 

 Sense, 5' - GAGCAATTATCTCCGAGCTTC- 3' 

 Antisense, 5' - ACTTAATACTGTGAGGGTTGG- 3' 

 ND5 

 Sense, 5' - CCTCAGCTAACAATCTATTCC- 3' 

 Antisense, 5' - CTGTGAGAGGGACTAGATTG- 3' 

 ATP6 

 Sense, 5' - ACACCAAAAGGACGAACCTG- 3' 

 Antisense, 5' - ACTGCTAGTGCTATCGGTTG- 3' 
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 CYTB 

 Sense, 5' - CTACGGCTGACTAATCCGATA- 3' 

 Antisense, 5' - CTGTAGCTCCTCAGAATGATA- 3' 

 COX2 

 Sense, 5' - GCTTACAAGACGCCACATCA- 3' 

 Antisense, 5' - GAATGACAGCTGGGAGAATTG- 3' 

 HPRT 

 Sense, 5' - GACTTGCTCGAGATGTCATG- 3' 

 Antisense, 5' - TACAGTCATAGGAATGGACC- 3' 

  

 Oxygen consumption rate measurement. L6 myoblasts (2000 cells/well) were 

seeded onto collagen-coated 96-well XF plates. 24 hours after incubation, subsets of 

myoblasts were treated with 50ng/ml IGF-1 in DM for 96 hours. Differentiated myotubes 

then were incubated with 1 mM AICAR for 24 hours. The cells were refreshed with non-

buffered pH7.4 medium and incubated for 1 h in a non-CO2 incubator, as recommended 

by Seahorse Bio-sciences. A SeahorseXF96 Analyzer (SeahorseBiosciences) was then 

used to measure the oxygen consumption rate. Each cycle included 3 min of mixing, a 3-

min wait, and then measurement over 3 min. 1 µM oligomycin was used to inhibit ATP 

synthase.  Next, 300 nM FCCP was added to stimulate uncoupled respiration. 0.5 uM 

Rotenon / antimycin A were used to obtain non-mitochondrial respiration. 

  

 Statistical Analyses. The results are presented as mean + SEM. A one-way 

analysis of variance (ANOVA) was used to determine significant overall main effect. For 
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post-hoc analyses, Fischer’s least significant difference was used to test for group 

differences. A significance level of p < 0.05 was used for all comparisons. 
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5. RESULTS 

 Myonuclei number. The number of myonuclei was significantly higher in PT, T, 

and RT group compared to CON group (p<0.05). (Figure 4) There was no significant 

difference in nuclei numbers among PT, T, and RT group. These data suggest that 

resistance training increases myonuclei number and the myonuclei acquired during pre-

training treatment remain elevated during 20 weeks of detraining period. 
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 Myofiber cross-sectional area and muscle mass. Cross-sectional areas (CSA) of 

the muscle fiber were significantly higher in each T and RT groups than CON by 26% 

and 42%, respectively. RT group showed a significantly higher CSA compared to T group. 

(Figure 5A and B) Similarly, muscle wet weight and relative muscle weight were greater 

(19% and 17%, respectively) in RT group compared to T group. (Figure 5C and 5D) 

There was no significant difference in CSA between PT and CON.  
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 Mitochondrial dynamics-related proteins and PGC-1α expressions. The 

abundances of Mfn2, Fis1, and Drp1 proteins were significantly higher in T and RT 

groups compared to CON or PT group. (Figure 6) In addition, these bio-markers were 

significantly higher in RT group compared to T group (p<0.05). The abundances of PGC-

1α protein was significantly higher in RT group compared to CON, PT, and T group. 
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 Mitochondrial enzyme activities. COX and SDH activity level in T group was 

significantly higher compared to CON group (p<0.05) (Figure 7B and 7D). In addition, 

the intensity of COX and SDH in RT group was higher compared to T group (p<0.05). 

There was no difference in SDH and COX activities between PT and CON groups. 
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 Mitochondrial content. Immunohistochemistry for VDAC (porin) proteins 

showed that there was significantly higher mitochondrial content in RT group compared 

to T group (p<0.01). (Figure 8A and 8B) 
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 mRNA expression of mitochondrial- and nuclear-encoded gene. The fusion index 

in cells treated with 50 ng/ml IGF-1 was higher compared to all other cells (Figure 9A 

and B). Therefore, we used 50 ng/ml IGF-1 for subsequent in vitro experiments. Under 

AICAR treatment, L6 myocytes preconditioned with IGF-1 showed higher level of 

mRNA expression of selected nuclear- (NDUFA1, NDUFV1, SDHA, CYS1, UCCRC1, 

COX17, and ATP5O) and mitochondrial encoded genes (ND2, ATP6, ND5, ND1, 

CYTBM AND COX2) compared to non-preconditioned L6 myocytes (p<0.05) (Figure 

10). 
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 Mitochondrial oxygen consumption rate. Basal oxygen consumption rate in 

AICAR-stimulated myotubes was not significantly higher compared to control cells. 

However, AICAR-stimulated basal oxygen consumption rate in cells preconditioned with 

IGF-1 was higher compared to control cells (Figure 11B). In addition, all the AICAR-

treated cells showed a higher level of maximal oxygen consumption rate compared to non 
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AICAR-treated cells. Moreover, cells preconditioned with IGF-1 showed a higher level 

of AICAR-induced oxygen consumption rate compared to non-preconditioned cells 

(Figure 11C). 
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6. DISCUSSION 

 Numerous investigations involving strength training-detraining-retraining 

exercise regimen demonstrated that pre-trained muscle has greater adaptability to 

resistance training in gaining muscle volume and neuromuscular development. The 

underlying mechanisms of this phenomenon, often referred to as “muscle memory”, is 

poorly understood. Recent studies have evidenced the myonuclei accumulation in trained 

muscle fibers, however, its physiological implication in further growth of the muscle is 

just beginning to be understood. In this study, we investigated the relevance of myonuclei 

on muscle hypertrophy and mitochondrial adaptation using a unique model in relevance 

with muscle memory. The major findings of this study are (1) resistance training 

increases myonuclei numbers in conjunction with skeletal muscle hypertrophy, (2) the 

number of myonuclei acquired by resistance exercise training is retained over 20 weeks 

of detraining period; and lastly, (3) Pre-trained muscles with more nuclei number showed 

a greater potential to mitochondrial adaptations and muscle hypertrophy upon subsequent 

training. These data suggest that myonuclei play an important role in exercise-induced 

adaptation. 

Resistance training and myonuclei number 

It has been observed that pre-trained muscle acquire many aspects of rapid 

hypertrophy in response to subsequent training (154, 155). This acquired potential has 

been shown to persist over a long period inactivity (20, 42). Here, we reported that a 

relatively moderate resistance exercise increases myonuclei number and the exercise-

induced myonuclei are retained over detaining period that was likely to serve as a novel 

muscle memory mechanism. This can be explained by the fact that myonuclei are 
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recruited from pre-training and they are retained during detraining. We argue that this 

may be the muscle memory mechanism, which allows rapid muscle hypertrophy without 

additional myonuclei recruitment during retraining (55). To this end, we speculated that 

the maximal number of myonuclei might be reached during pretraining period. 

In our study, training-induced myonuclei were retained over a 20 week-detraining 

period which is the longest detraining period employed to rodent to test the muscle 

memory effect. With current knowledge, it is difficult to confirm whether this memory 

effect exceed 20 week-detraining. One study suggested that muscle memory effect might 

be permanent based on the fact that average life span of myonuclei exceeds 15 years (55, 

153).  

Mitochondrial function and its relevance to myonuclei 

Here, we reported that resistance exercise training increases mitochondrial function. 

Traditionally, resistance exercise training was regarded as a conventional regimen just to 

augment skeletal muscle mass and strength. In this regard, early reports suggested that 

mitochondrial respiratory function and oxidative capacity are declined or unaltered by 

resistance exercise training (5, 52, 53, 161). However, several studies have shown that 

resistance exercise and high intensity anaerobic exercise induce not only hypertrophic 

phenotype but mitochondrial biogenic gene expressions and morphological changes (21, 

93, 170, 176). The discrepancy in these results is likely attributable to several factors, 

such as the training intensity, the timing of sample collection following exercise, subjects' 

genetic variance, and analytical techniques. A recent study using permeablilzed human 

muscle fibers and advanced techniques has shown that oxygen consumption rate is 

increased after 12-week resistance exercise (127), which is in agreement with our results. 
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Since skeletal muscle hypertrophy is also induced by aerobic exercise (37, 76), it is 

suggested that a certain exercise mode can affect both aspects of hypertrophy and 

bioenergetics. Based on our results, it is suggested that these two effects are concomitant 

than reciprocal. 

Mitochondria are dynamic subcellular organelles, changing their shape for 

metabolic efficiency. In recent years, an attention has been given to the exercise-induced 

regulation of the mitochondrial network (24, 35, 123, 182), proving that mitochondrial 

remodeling through fusion and fission event is as critical as mitochondrial biogenesis to 

maintain a high quality of metabolic capacity. In our study, mitochondrial fusion/fission 

markers (Mfn2, Fis1 and Drp1) were higher in training group compared to control group, 

suggesting that resistance exercise training modulates mitochondrial fission and fusion 

events. More importantly, on training, pre-trained rats with nuclei accumulation show a 

higher protein expression of mitochondrial dynamics compared to non-previously trained 

rats, suggesting that myonuclei may play a role in greater mitochondrial adaptations. In 

agreement with this notion, mitochondrial functional properties and volume were also 

higher in retraining group when compared to training group. 

For the purpose of intensifying our animal results, we proceeded to employ in vitro 

system. L6 myocytes were used to test mitochondrial gene expressions and oxygen 

consumption rate. To simulate resistance exercise, 50 ng/ml IGF-1 was used to increase 

myotube size and nuclei number during myogenic differentiation, evidenced by our 

results and many independent studies (66, 79, 107, 179). In agreement with the animal 

results, an exercise mimetic (AICAR) stimulated-mitochondrial genes expressions and 

maximal oxygen consumption rate were higher in L6 myocytes preconditioned with IGF-
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1 compared to non-preconditioned cells, which further strengthen our in vivo results. It is 

plausible to propose that higher mitochondrial adaptability may be due to a higher rate of 

gene expression that serves as crucial mediators for mitochondrial biogenesis and their 

quality control (12, 20). This suggests a possibility of mitochondrial-nuclear 

communications in this process. 

A possible mechanism is increased efficiency of mitochondrial retrograde 

communication. Although mitochondria contain their own DNA, the majority of 

mitochondrial proteins are encoded in the nuclear genomic DNA (145). This situation 

makes mitochondria communicate actively with nucleus not only to modulate 

mitochondrial function but also elicit various responses for cell function (22, 34, 88) 

Under exercise condition, a set of transcription factors and coactivators that regulate both 

nuclear and mitochondrial gene expression are involved in this process (11, 116, 128, 

185). Of those, PGC-1α, a master regulator of mitochondrial biogenesis is a well-known 

coactivator translocating to both nuclei and mitochondria genome and activating 

numerous mitochondria related transcription factors. As noted in a study, exercise can 

affect this retrograde signaling to regulate mitochondrial function in skeletal muscle. 

(104). However, studies linking retrograde signaling to the exercise training response are 

still lacking. Therefore, with current scope of our experiment, whether increased response 

in pretrained muscles is attributable to this signaling is not complete yet. 

 In this study, we observed that pretrained muscles with nuclei accumulation are 

more responsive in exercise-induced mitochondrial adaptation to subsequent training,  

and this was confirmed by enhanced level of mitochondrial remodeling protein 

expression. However, it is worth noting that these results do not yet prove direct causality. 
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Several gene-manipulated mice have displayed hypertrophic phenotype in the absence of 

corresponding increases in the number of nuclei (7, 14, 130), suggesting that cellular 

muscle memory might not be solely attributed to myonuclei. Therefore, genetic 

approaches under various condition are warrant to establish direct causality in skeletal 

muscle memory mechanism for future research. 

 Perspectives and Significance 

 It is the first study, to our knowledge, that the muscle memory effect is 

applicable not only to muscle hypertrophy but also to mitochondrial function. Since a cell 

turnover study demonstrated that myonuclei in human intercostal muscle tissue persist at  

least more than 15 years, it is suggested that this positive phenomenon might carry over 

at least more than 15 years (55, 153).  

 Sarcopenia is one of the major muscle-related health concerns, affecting a quality 

of life and independency in the elderly (38, 61). Since the ability to generate new 

myonuclei and the response to exercise is significantly impaired as human ages (6, 23), 

adding more myonuclei to myofibers prior to senescence may be a great strategy to 

reduce age-associated muscle loss and mitochondrial dysfunction. Furthermore, this 

study provides a proof-of-concept of biological processes underlying nuclear-

mitochondrial interplay during muscle regeneration. These findings warrant future studies 

to identify a novel target for mitochondrial medicine to treat muscle atrophy. 

 Limitations 

 The current and previous other studies suggest that the number of myonuclei 

within myofiber represents the maximum capacity it has ever had in its history. And new 

myonuclei are retained over atrophying condition to serve as a mechanism to facilitate 



51 

 

excise-induced muscle adaptation. However, these data were drawn from an 

observational study. The conclusion is descriptive rather than providing causality. 

Therefore, a genetic model in the absence of myonuclei proliferation needs to be used to 

identify missing links in this field. Also, it should be taken into consideration that since 

exercise has a very complex nature affecting numerous and yet unknown mechanisms, 

we cannot rule out a possibility that other mechanisms are involved in this process. 

 Future direction 

 We have demonstrated that in rat, the memory effect lasts for more than 15% of 

the animal’s lifespan. However, whether this effect lasts to animal's entire life span 

remains to be tested. Also, it would be beneficial to investigate the optimal mode or 

intensity of exercise to induce myonuclei. 
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