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Abstract

Skeletal muscle atrophy is the consequence of protein degradation exceeding protein synthesis. 

This arises for a multitude of reasons including the unloading of muscle during microgravity, post-

surgery bedrest, immobilization of a limb after injury, and overall disuse of the musculature. The 

development of therapies prior to skeletal muscle atrophy settings to diminish protein degradation 

is scarce. Mitochondrial dysfunction is associated with skeletal muscle atrophy and contributes to 

the induction of protein degradation and cell apoptosis through increased levels of ROS observed 

with the loss of organelle function. ROS binds mtDNA, leading to its degradation and decreasing 

functionality. Mitochondrial transcription factor A (TFAM) will bind and coat mtDNA, protecting 

it from ROS and degradation while increasing mitochondrial function. Exercise stimulates cell 

signaling pathways that converge on and increase PGC-1α, a well-known activator of the 

transcription of TFAM and mitochondrial biogenesis. Therefore, in the present review we are 

proposing, separately, exercise and TFAM treatments prior to atrophic settings (muscle unloading 

or disuse) alleviate skeletal muscle atrophy through enhanced mitochondrial adaptations and 

function. Additionally, we hypothesize the combination of exercise and TFAM leads to a 

synergistic effect in targeting mitochondrial function to prevent skeletal muscle atrophy.
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BACKGROUND

Skeletal muscle atrophy is associated with disease, aging, injury, nutritional decrements, and 

disuse. Many pathways contribute to muscle atrophy but ultimately the imbalance of 

excessive protein degradation without a corresponding increase in protein synthesis will 

Corresponding Author: Suresh C. Tyagi, 502-852-3381, s0tyag01@louisville.edu. 

Competing Interests
The authors declare that they have no competing interests.

Authors’ Contributions
Author Nicholas T. Theilen prepared the manuscript and it was reviewed by Suresh C. Tyagi and George H. Kunkel. All authors read 
and reviewed the manuscript.

Acknowledgements
Not applicable.

HHS Public Access
Author manuscript
J Cell Physiol. Author manuscript; available in PMC 2018 September 01.

Published in final edited form as:
J Cell Physiol. 2017 September ; 232(9): 2348–2358. doi:10.1002/jcp.25737.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



result in a net muscle tissue loss. Atrophy is also correlated with mitochondrial dysfunction. 

Many protein degradation and cell apoptosis signaling pathways are stimulated by increased 

levels of reactive oxygen species, as occurs in mitochondrial dysfunction. Treatments 

targeting the mitochondria to alleviate high levels of reactive oxygen species and therefore 

limit protein degradation and apoptosis in skeletal muscle is an attractive area of research. 

Specifically, treatments that may be prescribed prior to entering known atrophic settings, 

such as bedrest after elective surgery or microgravity situations, could prevent atrophy and 

maintain muscle tissue. Maintaining skeletal muscle mass during times of atrophic settings 

improves health and quality of life.

This review will focus on the role of mitochondrial dysfunction in skeletal muscle atrophy as 

well as treatments to alleviate mitochondrial dysfunction. Moreover, exercise and 

mitochondrial transcription factor A both induce mitochondrial biogenesis and increase 

mitochondrial function. Both of these treatments will be highlighted as potential therapies in 

the prevention of skeletal muscle atrophy prior to atrophic conditions.

MAIN TEXT

Mitochondria

Mitochondria are cellular organelles responsible for the production of energy in the form of 

ATP and also play a role in apoptotic signaling. These organelles are believed to be directly 

descended from pro-bacteria forming an endosymbiotic relationship with an original 

eukaryotic host cell, leading to the self-replicating nature of mitochondria we observe today 

(Jornayvaz and Shulman, 2010). The maternal genetics create the mitochondrial lineage of 

most animals (Cloonan and Choi, 2016). Upon fertilization, paternal mitochondrial DNA 

(mtDNA) is selectively degraded by a mitochondrial endonuclease. Along with protease and 

autophagy mechanisms, this degradation leads to mitochondria from the paternal side being 

effectively abolished, allowing for maternal mtDNA to replicate and normal development of 

the organism (Zhou et al., 2016).

MtDNA

The mtDNA is a double-stranded, circular genome located in the inner mitochondrial matrix 

of the organelle, compartmentally separate from the nuclear DNA of the cell. MtDNA is 

approximately 16.5 kilobases coding for 37 genes. Thirteen of these genes encode functional 

subunits of the electron transport chain which are essential for oxidative phosphorylation 

(OXPHOS) (Bolisetty and Jaimes, 2013; Jornayvaz and Shulman, 2010). Twenty-two genes 

encode transfer RNAs while 2 genes encode ribosomal RNAs, all of which are involved in 

the synthesis of mitochondrial proteins. The remaining protein of the mitochondria requires 

nuclear DNA, cytosolic translation, and effective import into the organelle.

MtDNA is essential to maintain energy homeostasis in the organism. Defects in mtDNA are 

associated with a multitude of mitochondrial related diseases and phenotypes such as 

diabetes, cancer, aging, and cardiovascular disease (Campbell et al., 2012; Jornayvaz and 

Shulman, 2010; van Osch et al., 2015) While many diseases may not originate in the 

mitochondria, there may still be an element of mitochondrial dysfunction involved in the 
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disease genesis or progression. Alterations in the mitochondrial genome change the 

morphology and physiology of specific tissues. In skeletal muscle, Gehrig et al. observed a 

fiber-type switching from type I and more oxidative muscle fibers towards type II and more 

glycolytic muscle fibers in humans with mitochondrial myopathy (Gehrig et al., 2016). This 

type of mitochondrial defect changes the form and function of skeletal muscle leading to 

variations in the predominant energy sources used, increased muscle weakness, and 

decreased muscle health by a loss of oxidative capacity. These abnormalities of mtDNA 

occur in a variety of ways including DNA methylation, DNA variants, reactive oxygen 

species (ROS) interactions, and transcriptional machinery defects. The consequence of these 

issues affects mtDNA copy number availability and interrupts typical synthesis of proteins in 

this organelle (St John, 2016). In the skeletal muscle of aging humans, increases in mtDNA 

mutations and decreases in mtDNA has been observed (Short et al., 2005) and is typically 

associated with decreases in muscle mass (atrophy) and function. If the synthesis of 

mitochondrial and OXPHOS proteins is disrupted by an abnormality or a decrease in 

mtDNA copy number, a decrement in the efficient production of ATP (Valero, 2014) and the 

overproduction of ROS occurs. This increase in ROS further associates with mtDNA and 

leads to greater mutation and degradation creating a disturbance in energy homeostasis and 

an increased potential for association with disease. Excess ROS is also implicated in the 

activation of protein degradation and apoptosis pathways in muscle through ubiquitin-

proteosome and caspase pathways, respectively (Siu, 2009; Tisdale, 2005). An unbalanced 

increase in these pathways is highly correlated to skeletal muscle atrophy (Chopard et al., 

2009). Therefore, we conclude maintaining the mtDNA structure and mtDNA copy number 

in order to transcribe mitochondrial proteins are vital components of proper health and 

function in skeletal muscle.

Interventions to improve mitochondrial dysfunction and promote normal function have been 

widely studied. Treatments include pharmacologic, nutritional supplementation, and exercise 

prescription. These treatments generally attempt to modulate one or more of the various 

signaling pathways involved in the creation of mitochondrial proteins, also termed 

mitochondrial biogenesis, to counteract dysfunctional effects (Kang et al., 2013; Liang et al., 

2014; Saleem and Hood, 2013). The effects of exercise specifically correlate with an 

increase in transcription factors of the mitochondria in skeletal muscle. A 15-minute bout of 

endurance exercise in mice increased nuclear encoded and mitochondrial encoded genes 

involved in mitochondrial biogenesis including key transcription factors and signaling 

proteins (Saleem and Hood, 2013). Furthermore, a study inducing contractile activity of the 

rat tibialis anterior muscle by electrical stimulation revealed a significant increase in 

mitochondrial transcription factor A (TFAM), a mtDNA regulatory protein. Results revealed 

increased TFAM mRNA levels after four days of stimulation while also increasing 

mitochondrial TFAM protein levels and mitochondrial specific enzyme after 5 days (Gordon 

et al., 2001). This indicated TFAM expressions connection to the creation of new 

mitochondria with exercise. Thus, the present review will emphasize the role of exercise in 

inducing mitochondrial biogenesis pathways associated with TFAM as a mechanism to 

preserve mtDNA and protect skeletal muscle tissue from atrophy.
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TFAM

As mentioned previously and indicated in the literature, a key component of properly 

functioning mtDNA is mitochondrial transcription factor A (TFAM) (Kunkel et al., 2016). 

TFAM is a diversely functioning protein playing a role in mtDNA transcription, 

organization, and maintenance. Lack of this transcription factor in systemic TFAM knockout 

mice resulted in severe mtDNA depletion and embryonic lethality (Stiles et al., 2016). 

Overexpression of TFAM in cardiac myocytes in a transgenic mouse model increased 

mtDNA copy number and diminished pathological hypertrophy after myocardial infarction. 

This subsequently led to an increase in survival rate (Fujino et al., 2012).

TFAM is a low molecular weight molecule (~25 kDa) with non-specific DNA binding 

properties encoded in the nucleus and transcribed in the cytosol as a pre-protein. From here, 

it is shuttled to the mitochondrion by a complex of cytosolic heat shock proteins (HSPs), 

HSP60 and HSP70, that act as protective chaperones and as a guide to locate the 

mitochondria. HSP protection prevents phosphorylation, promotes proper folding, and deters 

degradation during transport (Kunkel et al., 2016). The HSP60/HSP70 complex and attached 

pre-protein then bind to specific cytosolic receptors located on the translocase of the outer 

membrane complex (TOM) of the mitochondria, which serves as a main entry point for 

many mitochondrial proteins (Paschen and Neupert, 2001). The TFAM pre-protein will, 

next, pass from the TOM, through the intermembrane space, to a channel of the translocase 

of the inner membrane (TIM), specifically TIM23, using the selectivity of this complex for 

positively charged molecules (Santos and Kowluru, 2013). Entry into the matrix is achieved 

first by the binding of a mitochondrial heat shock-protein chaperone, mitochondrial HSP70, 

to TIM23 at a specific docking site (TIM44). TIM44-associated HSP70 causes 

conformational changes in HSP70 that either passively traps or actively pulls TFAM to the 

chaperone, as the precise mechanism is not completely understood (Schmidt et al., 2010). A 

mitochondrial processing peptidase (MPP) will cleave off the targeting sequence of the pre-

protein on the matrix side of TIM, while a chaperone, mtHSP60, along with mtHSP70, will 

re-fold the protein into its mature form inside of the matrix (Hood et al., 2003). Again, in the 

inner mitochondrial matrix, the mitochondrial heat shock protein complex mtHSP60/

mtHSP70 serves as a protector of TFAM from degradation. Specifically, the mitochondrial 

protease, LON, selectively degrades oxidatively modified and improperly folded TFAM 

unbound to mtDNA (Matsushima et al., 2010). After effective transport into the matrix, 

properly folded TFAM is able to come into close proximity with mtDNA.

TFAM Binding: Transcription Initiation and Scaffolding

Free mtDNA and free TFAM are both rapidly degraded in the matrix. As mentioned 

previously, mtDNA interacting with ROS promotes a decrease in mtDNA copy number and 

unbound TFAM is cleaved by Lon protease. TFAM interacting with mtDNA will form a 

protein-DNA complex known as a mitochondrial nucleoid which prevents the degradation of 

each component (Kang et al., 2007). This complex forms these nucleoid structures as TFAM 

binds and coats, potentially, the entire mitochondrial genome. This provides the structural 

stability of the mtDNA. Ekstrand et al. revealed that the levels of total TFAM were directly 

proportional to the number of mtDNA copies in a mouse embryo model (Ekstrand et al., 

2004). Further, work done by Larsson, et al., revealed that heterozygous TFAM depletion 
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resulted in 35–40% decreases in mtDNA copy numbers while homozygous TFAM depletion 

resulted in embryonic lethality due to severe depletions of mtDNA copies and OXPHOS 

(Larsson et al., 1998). These results provide strong evidence of the correlation of TFAM and 

mtDNA and supports the role of TFAM preventing degradation of mtDNA.

TFAM will abundantly bind mtDNA both specifically and non-specifically. Two distinct 

promoter regions of mtDNA, light strand promoter (LSP) and heavy strand promoter 1 

(HSP1), are bound by TFAM while other non-distinct regions of the mitochondrial genome 

are also able to bind. The specific binding of TFAM to these promoter regions activates 

transcription of the genome.

Specific binding of TFAM upstream of promoter sites induces bending of the genome and 

recruitment of transcriptional machinery. Two high mobility group-box domains (HMG-box 

A and HMG-box B) insert into grooves on the LSP, HSP1, or non-specific regions of 

mtDNA. These insertions cause distortion of the mtDNA and result in bending (Ngo et al., 

2014). Bending allows TFAM to interact with the transcriptional machinery, specifically 

mitochondrial RNA polymerase (POLRMT). POLRMT has sequence specific binding to 

TFAM and mtDNA promoter regions as well as upstream regions. This complex encourages 

binding of mitochondrial transcription factor B2 (TFB2M), resulting in a single RNA 

precursor in the mitochondrion and is the initiation of transcription (Kühl et al., 2016). This 

process further advances to transcription elongation, transcription termination, initiation of 

translation, and translation elongation ultimately resulting in the synthesis of mature 

mitochondrial proteins (Taanman, 1999).

While the vast majority of mitochondrial proteins are nuclear encoded and require organelle 

import, intramitochondrial protein synthesis is still a highly necessary process to ensure 

proper function and maintenance of the mitochondrion and the OXPHOS system. TFAM, as 

previously described, is a key regulator of this process.

Exercise and TFAM: Upstream Factors

Exercise enhances physical performance and is well known to be associated with many 

positive health benefits (Warburton et al., 2006). A single bout of exercise causes a change in 

molecular expression in muscle that promotes specific adaptations. If the appropriate 

duration, frequency, and intensity of contractile activity in muscle tissue occurs from 

physical exercise, specific signaling mechanisms will ensue, leading to the tissue adapting to 

the demand of the physical stress. Levels of circulating inflammatory markers, growth 

factors, and adrenergic compounds also increase during exercise. Exercise induces 

phenotypic changes of the muscle that include increased cross sectional area, increased 

capillary density, fiber type transitioning, and mitochondrial biogenesis resulting in 

increased mitochondrial density of the muscle cell (Garatachea et al., 2015; Yan et al., 

2012). This increased mitochondrial density is a part of an adaptive process allowing the 

organism experiencing the stress of exercise to increase functional proteins involved in the 

creation of energy (mitochondria and the OXPHOS system) in order to handle that specific 

stress in the future. A key component of exercise-induced mitochondrial biogenesis occurs 

via the effects of skeletal muscle contraction and the upregulation of TFAM (Gordon et al., 

2001).
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For a skeletal muscle to contract, an action potential(s) must propagate from the motor 

cortex, through nerve fibers of the central nervous system, synapse at motor neurons located 

on the spinal cord down to the neuromuscular junction (NMJ). The signal must cross the 

NMJ and further propagate across the sarcolemma of the muscle and down into the t-tubules 

where voltage-gated dihydropyridine receptors (DHPRs) are able to interact with ryanodine 

receptors. Ryanodine receptor activation releases calcium from the sarcoplasmic reticulum 

(SR) into the cytoplasm of the muscle cell (Rebbeck et al., 2014). From there, calcium is 

able to bind to troponin and remove tropomyosin from active binding sites of actin 

contractile proteins. Finally, in the presence of adequate ATP, muscle contractions are able to 

occur by the recycling of cross-bridging between myosin and actin proteins. During 

exercise, potentially high rates of this “excitation-contraction coupling” process occurs. The 

release of calcium from the SR as well as the increased demand for ATP in this process leads 

to significant molecular changes within the cell.

The amount of cytosolic calcium released from the SR in skeletal myocytes during 

contraction not only depends on duration, frequency, and intensity of exercise of the muscle 

but also on the muscle fiber type. Isolated single muscle fiber calcium has been measured 

previously to be concentrated in the range of 30–50 nM. Upon stimulation, type I (slow-

twitch) muscle fibers produced concentrations between 100–300 nM of calcium while type 

II fibers (fast-twitch) are capable of a drastically higher (~10x) 1–2 μM range (Godin et al., 

2010). Baylor and colleagues report fast-twitch fibers capable of 3–4 times the amount of 

slow twitch (Baylor and Hollingworth, 2012). Nonetheless, cytoplasmic calcium 

concentrations in contracting fast-twitch muscle appear to be much greater than slow-twitch. 

This is important because specific types of exercise requiring higher relative intensities and 

perhaps longer relative durations recruit type II fibers at a greater rate than lower intensity 

exercise and disuse of the muscle (Krustrup et al., 2004). This leads to high levels of 

cytosolic calcium and increased intracellular signaling. Specifically, increased calcium 

activates calcium/calmodulin-dependent protein kinases (CAMKs) that are linked to 

increases in mitochondrial biogenesis (Chin, 2005; Combes et al., 2015).

Increasing the intensity of physical activity also increases the AMP/ATP ratio in skeletal 

muscle (King-Himmelreich et al., 2016; Wang et al., 2003). As the previously described 

contraction process takes places and the cellular energy demand increases, the use of 

phosphate groups from ATP increases the amount of ADP and AMP, thus increasing the 

AMP/ATP ratio. AMP interacts with an AMP-activated protein kinase (AMPK) that is 

interrupted by high levels of ATP (Hardie, 2004). The β-subunit of AMPK has a glycogen 

binding domain that, when bound, inhibits the activation of AMPK (McBride and Hardie, 

2009). Exercise not only increases the AMP/ATP ratio but also depletes muscle glycogen, 

potentially releasing and activating AMPK. For these reasons AMPK is a cellular energy 

sensor and has been characterized as a “master switch” of metabolism (Jørgensen et al., 

2006). In response to exercise, activation of AMPK leads to downstream activators of 

mitochondrial biogenesis (Bergeron et al., 2001; Seo et al., 2015).

Exercise will also increase the levels of ROS in muscle (Dimauro et al., 2016). ROS has 

been implicated in many health disorders including muscle myopathies (Moulin and 

Ferreiro, 2016). The major contributors to ROS in skeletal muscle include xanthine oxidase 
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(XO), NADPH-oxidases (NOXs), and mitochondria. In mitochondria, ROS production 

occurs due to electron leakage in the electron transport chain (ETC) (Gutterman, 2005). The 

ETC passes electrons through a series of protein complexes along the inner mitochondrial 

membrane with oxygen being the last acceptor of the electron. As oxygen accepts electrons 

in the ETC, it typically results in the formation of water. Oxygen that undergoes incomplete 

reductive processes results in radicals and the potential formation of ROS. Complex I and 

Complex III of the ETC appear to be the greatest contributors of ROS in the mitochondria. 

Although the precise contributions of each is poorly understood, these locations in muscle 

cells produce oxidants that are capable of negatively affecting cellular function while also 

activating potentially beneficial signaling pathways. An example of this was demonstrated in 

which male Wistar rat groups performed exercise and ate high antioxidant diets. The groups 

eating high antioxidant diets revealed decreased levels of mitochondrial biogenesis markers, 

regardless of exercise, indicating a potentially negative outcome of decreasing ROS 

signaling (Strobel et al., 2011). The maintenance and balance of ROS through antioxidant 

defense systems and adaptations to the mitochondria are important factors in skeletal muscle 

health and control potential mitochondrial biogenesis signaling.

Other major signaling mechanisms of exercise and mitochondrial biogenesis include the 

increased levels of inflammatory markers, epinephrine, and growth factors. Markers such as 

interleukins (IL-1,6) and tumor necrosis factor-alpha (TNF-α) bind cellular receptors and 

lead to increases in ROS production (Kim et al., 2010). Adrenal glands release epinephrine 

in response to exercise. Speculatively, this could be because of both the physical stress that 

is perceived as well as an emotional response that potentially occur during more intense 

forms of exercise, causing the release of epinephrine. Binding of epinephrine to β-adrenergic 

receptors of the cell lead to increases in cyclic AMP (cAMP), involved in biogenesis 

pathways. Growth factors such as insulin-like growth factor-1 (IGF-1) and insulin enter the 

cell and activate protein synthesis pathways, also implicated in the creation of mitochondrial 

proteins (Morita et al.).

Exercise and TFAM: Downstream Factors

The various effects of skeletal muscle contraction and the stress of exercise connect to 

mitochondrial biogenesis in several ways. These upstream signals converge downstream to 

ultimately increase TFAM transcription. This convergence point that is a major link in 

mitochondrial biogenesis, and has received a great deal of attention in the literature, is the 

peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1α) and is 

activated in a multitude of ways (Fernandez-Marcos and Auwerx, 2011; Olesen et al., 2010; 

Suwa et al., 2008).

PGC-1α is a transcriptional coactivator with formidable evidence of its correlation exercise. 

Endurance exercise increases levels of PGC-1α in rat soleus muscle 18 hours post-exercise 

(Suwa et al., 2008). Kang et al. subjected female Sprague-Dawley rats to anaerobic sprinting 

exercise and noticed a 5.6-fold increase in PGC-1α in the exercise group compared to the 

controls (Kang et al., 2009). Another group subjected rats to 20 minutes of aerobic treadmill 

running and increased PGC-1α mRNA levels 1.5–5 fold in soleus and gastrocnemius 
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muscles while also noting 6 weeks of chronic exercise increased PGC-1α mRNA levels by 

~25% in rat soleus muscle (Bocco et al., 2016).

The aforementioned increase in cytosolic calcium with exercise activates CAMK which 

upregulates PGC-1α (Chin, 2005). CAMK is also a potent activator of myocyte-enhancer 

factor-2 (MEF2) (McKinsey et al.). MEF2 is capable of binding to the nuclear promoter 

regions of the PGC-1α gene, enhancing its transcription (Liang and Ward, 2006). As AMP 

levels increase due to the demand of physical activity it interacts with AMPK, which also 

directly activates PGC-1α (Seo et al., 2015). ROS increases during exercise activate p38 

mitogen-activated protein kinase (p38MAPK) that upregulates PGC-1α (Bartlett et al., 

2014). ROS signaling also includes the activation of AMPK indirectly, although it is 

possible this is due to the decrease in ATP associated with stressful events (Irrcher et al., 

2009). While ROS signaling leads to biogenesis of mitochondrial proteins, excessive ROS is 

detrimental to the cell. Furthermore, silent mating type information regulator 2 homolog 

(SIRT1) upregulation due to increased levels of nicotinamide adenine dinucleotide (NAD+) 

caused by exercise will deacetylate PGC-1α leading to its activation (Srivastava, 2016). 

Epinephrine released in response to exercise increases adenylyl cyclase leading to increased 

cAMP. A cAMP dependent protein kinase (PKA) activates with increased cAMP, and further 

interacts and upregulates cAMP response element binding protein (CREB) that plays a role 

in PGC-1α upregulation. Growth factors (GFs) such as IGF-1 and insulin, as well as 

mechanical loading of muscle, activate mammalian target of rapamycin (mTOR), a major 

protein synthesis pathway that also promotes PGC-1α activation (Cunningham et al., 2007; 

Morita et al., 2015).

PGC-1α is able to co activate nuclear respiratory factors (NRFs), specifically NRF-1 and 

NRF-2, nuclear transcription factors responsible for activating many mitochondrial proteins 

(Tokusumi et al., 2004). When this occurs, TFAM mRNA is transcribed from the nuclear 

genome by the NRFs where it is able to be exported to the cytosol for translation, imported 

into the mitochondria, and maintain mtDNA and activate transcription of mitochondrial 

proteins (refer to Figure 1).

An exercise stimulus is a powerful metabolic signal, as we can see, that activates a multitude 

of signaling pathways in skeletal muscle leading to the transcription of TFAM, a key 

modulator of mitochondrial biogenesis. For these reasons, exercise and TFAM are attractive 

variables to study in skeletal muscle pathology.

Skeletal Muscle Atrophy

Skeletal muscle atrophy is caused by a host of factors including disease, aging, injury, 

nutritional decrements, and disuse. It is characterized by a decrease in the cross sectional 

area of the muscle, a decline in force generative capabilities, decrease in functional proteins 

of the muscle mass, and a loss of oxidative ability making the tissue less resistant to fatigue. 

There is a clear link in the literature with the dysfunction of the mitochondria and skeletal 

muscle atrophy (Kang et al., 2016; Mukai et al., 2016). The cause of both depends on the 

originating factor (disease, starvation, etc.).
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The disuse of muscle occurs for many reasons including bed rest from disease, cast 

immobilization due to injury, spinal cord injury, weightlessness environments, sedentary 

lifestyle. Ultimately, the lack of muscle contraction and lack of stimuli loading the muscle 

encompasses disuse. When this happens, increased activation of protein signaling pathways 

leading to protein degradation and apoptosis arise with corresponding downregulation of 

protein synthesis pathways. When protein degradation exceeds protein synthesis over time, 

atrophy occurs along with a decrease in mitochondrial function.

Protein Degradation

Mechanical stress of contracting skeletal muscle under a load, as occurs in exercise, causes 

many changes throughout skeletal myocytes. Contraction induced by myosin and actin 

cross-bridging is sensed by the cell through proteins such as dystrophin and integrin 

complexes (Barton and Morris, 2003). Dystrophin is a cytoplasmic protein that interacts 

with actin fibers under the cell surface and further associates with other related proteins to 

form a dystrophin complex that spans the entire sarcolemmal membrane (Gao and McNally, 

2015). This acts as a “shock absorber” and provides stiffness to the contracting myocyte in 

order to prevent the force from being transferred into the sarcolemma inappropriately, 

causing deformation of the membrane.

Pasternak’s group demonstrated this by using dystrophin knockout (mdx) mice lacking this 

protein (similar to humans with Duchenne muscular dystrophy). Mdx mice displayed fragile 

myotubes with roughly 4 times less stiffness than normal myotubes (Pasternak et al., 1995). 

This important protein and its respective complex, along with other sensory complexes 

(integrin), activates focal adhesion kinases (FAKs) and mediates the prevention of apoptosis 

and activation of growth pathways (Barton and Morris, 2003). With disuse, mechanical 

stress does not occur and the corresponding growth signaling and apoptosis prevention is 

prohibited. Further, lack of contraction leads to the activation of catabolic pathways in 

skeletal muscle.

The ubiquitin-proteasome pathway is a main regulator of protein degradation. Muscle ring 

finger-1 (Murf-1) and Atrogin-1/MAFbx are E3 ligases in skeletal muscle that play a key 

role in ubiquitin marked degradation (Gumucio and Mendias, 2013). These ligases are 

activated by multiple stimuli, in particular ROS, inflammatory markers, and the unloading of 

muscle. Activation of IκB kinase (IKK) occurs via these stimuli, which is associated with 

the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

(Bodine and Baehr, 2014). NF-κB is a transcription factor responsible for transcription of 

many degradative genes. In this case, NF-κB is able to translocate into the nucleus and play 

a role in the transcription of Murf-1 and Atrogin-1/MAFbx. Mature Murf-1 and Atrogin-1/

MAFbx proteins polyubiquinate polypeptides in the muscle as a method of targeting the 

protein for degradation. Skeletal muscles consist mostly of the myofibrillar proteins myosin 

and actin involved in the functional aspect of the cells. Therefore, for significant atrophy to 

occur, these proteins must be degraded.

Murf-1 is involved in targeting myosin light chains for degradation while atrogin-1/MAFbx 

targets actin molecules (Bilodeau et al., 2016). After these myofibrillar proteins are 

polyubiquinated, proteasomes attach and degrade the protein resulting in atrophy. Tawa et al. 
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demonstrated the importance of the ubiquitin pathway by inhibiting proteasome activity in 

the rat soleus muscle of three atrophy inducing pathological states (denervation, 

hyperthyroidism, sepsis). Without altering protein synthesis expression, protein balance 

increased with high percentages of reductions in proteolysis and an increase in ubiquinated 

proteins of the muscle was observed (Tawa et al., 1997). This study, among others, 

delineated the ubiquitin-proteasome pathway as the key modulator of protein degradation 

and thus, should be considered when working with skeletal muscle atrophy models. It is 

possible that different pathways contribute to degradation in different settings based upon 

the conditions of the model and should also be considered when reviewing data.

Other protease contributors in skeletal muscle protein degradation include calpains and 

lysosomes (Chopard et al., 2009). Calpains are intracellular proteases that are regulated by 

Ca2+. In skeletal muscle, calpain-1, calpain-2, and calpain-3 are mainly expressed. Calpain-3 

is downregulated during atrophy as well as in exercise suggesting that its absence is 

necessary for atrophy (Bartoli and Richard, 2005). Recently, Shenkman and colleagues used 

an inhibiting agent to diminish calpain-1 in a rat model while inducing skeletal muscle 

atrophy by hindlimb suspension for 3 days. The soleus muscle size was significantly reduced 

in rats that were only suspended while those suspended and treated with the calpain-1 

inhibitor retained muscle size (Shenkman et al., 2015). Calpain-1 levels were increased in 

the suspension only model. Interestingly, levels of calpain-2 were not affected by hindlimb 

suspension induced atrophy, indicating a key role of calpain-1 in short-term (3 days) disuse. 

Inhibiting calpain-1 decreases MAFbx expression and inhibits protein ubiquitination. 

Studies increasing the atrophy duration should be done to further elucidate these changes in 

protein expression.

Lysosomal activity is also a contributing factor to protein degradation in muscle. Autophagy 

using lysosomal machinery (autophagy-lysosomal system) is upregulated during catabolic 

states of skeletal muscle (Sandri, 2013). Normal contraction of muscle tissue over time 

causes damage to the contracting proteins as well as organelles of the cell. In order for these 

damaged proteins and organelles to be degraded and recycled to continue normal or 

enhanced function, the cells must have a self-selecting degradative system. This system is 

autophagy.

Again, NF-κB pathway is an important transcription factor inducing autophagy. 

Autophagosomes consume defective proteins of the cell and transport the defective material 

to lysosomes. Lysosomes are membrane-bound vesicles containing acid hydrolases that, 

when released, degrade the cellular components of the autophagosome (Bechet et al., 2005). 

The process is also induced by multiple types of exercise(Ju et al., 2016; Schwalm et al., 

2015). This could be to enhance the removal of damaged proteins due to the stress of 

exercise contractions or may also be to provide energy for sustained contractions in the cell. 

While this process positively impacts the function of skeletal muscle tissue, excessive 

autophagy-lysosomal activity, as seen in many myopathies, leads to atrophy.

Cell Death (Apoptosis)

Cells undergo a programmed cell death (apoptosis) due to specific biochemical interactions 

that cause blebbing of the cell membrane, condensation of chromatin, and cell fragment lysis 
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resulting in the death of the cell. When skeletal muscle is not contracting over time, as 

occurs in disuse, an increase in cell apoptosis has been observed (Siu et al., 2009). As load 

and contractions of the muscle diminish, the removal of myonuclei occurs and is associated 

with apoptosis (Barton and Morris, 2003) along with the destruction of cellular proteins. The 

myonuclear domain is reduced, resulting in diminished function in the myofiber.

Caspases are proteases within the cell that play a role in the disassembly of the nucleus and 

cytoskeleton while cleaving many other cellular proteins. Caspases are categorized as 

“initiators” and “executioners” with caspase-2, -6, -9, -10 being characterized as initiators 

while caspase-3, -7, and -8 are executioners (Connolly et al., 2014). Specifically, caspase-3 

is a major executioner involved in skeletal muscle atrophy. Signalling for caspase-3 includes 

both extrinsic and intrinsic factors. Extrinsic factors include binding of the tumor necrosis 

factor (TNF) ligand to TNF death receptors on transmembrane proteins. This TNF binding 

causes a signal cascade that results in procaspase-8 and the activation of the caspase-3 

executioner. Capase-3 activates an endonuclease (CAD) that degrades DNA (Elmore, 2007) 

and thus, the execution of apoptosis.

A major intrinsic pathway leading to caspase-3 activation includes the release of cytochrome 

c (Cyt c) from the mitochondria. Signals such as elevated levels of ROS and reactive-

nitrogen species (RNS) increase mitochondrial membrane permeability that release Cyt c 

from the mitochondria (Dupont-Versteegden, 2006). B-cell leukemia/lymphoma 2 (Bcl-2) 

and Bcl-XL block the release of Cyt c and serve an anti-apoptotic role. Members of the 

Bcl-2 associated death promoter (BAD) family, such as BAX and BAK, serve as pro-

apoptotic factors and increase pore permeability of the mitochondria allowing the release of 

Cyt c (Yang et al., 1997). Cyt c is then involved in the activation of the initiator caspase-9, 

forming an apoptosome complex. This leads to the activation of the executioner caspase-3 

and degradation of cellular components (Wang and Youle, 2009). Leeuwenburgh et al. 

performed hindlimb suspension on young and old rats over a 14-day period. Their results 

indicated an 84% increase in caspase-3 activity in the soleus of young rats after inducing 

atrophy over 14 days (Leeuwenburgh et al., 2005). Furthermore, a study by Nagano and 

colleagues observed active caspase-3 activity in male Wistar rats after 3-weeks of hindlimb 

unloading (Nagano et al., 2008). These studies indicate an apoptotic link between disuse-

induced muscular atrophy and caspase-3.

There are caspase-dependent and caspase-independent pathways that induce apoptosis. 

Apoptosis-inducing factor (AIF) is released from the mitochondria upon stimulation from 

pro-apoptotic signals. This AIF activates apoptosis through chromosomal condensation and 

DNA fragmentation in a caspase-independent manner (Joza et al., 2009). EndonucleaseG 

(EndoG) is a protein released from the mitochondria after pro-apoptotic signaling. EndoG is 

caspase-independent and is associated with DNA fragmentation that coincides with 

apoptosis during muscle atrophy induced by hindlimb suspension in aged mice (Dupont-

Versteegden, 2006). With a multitude of cell signaling pathways involved in cell apoptosis, 

cross-talk is likely to occur between the various cascades.
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Protein Synthesis

The counterbalance to protein degradation in muscle cells is protein synthesis. As stated 

previously, when degradation exceeds synthesis over time, atrophy occurs. Signals for 

protein synthesis include many stimulatory factors such as mechanical loading of the 

muscle, hormone circulation, and nutrition. Conversely, protein synthesis signaling is 

inhibited by fasting, augmentation of growth factor release or binding, and muscular disuse. 

Many proteins play a role in the synthesis pathway but the previously mentioned mammalian 

target of rapamycin (mTOR) is consistently viewed as the major regulator of this process.

Two functional complexes are formed from mTOR termed mTOR complex-1 and mTOR 

complex-2 (mTORC1 and mTORC2). Although both mTORC1 and mTORC2 have a unique 

role, both complexes will be encompassed and referenced as ‘mTOR’ for the scope of the 

current review. Signaling from extracellular growth factors, such IGF-1 and insulin, and 

amino acids (specifically branched-chain amino acids) lead to the activation of the 

PI3K/AKT pathway that is associated with the activation of mTOR (Laplante and Sabatini, 

2009). Mechanical loading via resistance exercise of the skeletal muscle also activates this 

pathway to activate mTOR (Drummond et al., 2009; Ogasawara et al., 2016).

Activated mTOR interacts with many downstream effectors including two well-established 

proteins in particular, S6 kinase (S6K) ribosomal protein and eukaryotic translation initiation 

factor-4 (eIF-4E) binding protein (4E-BP) (Morita et al., 2015). The phosphorylation of 4E-

BP by mTOR allows the unbinding and activation of eIF-4E. Similarly, other eIF family 

proteins are activated with the phosphorylation and activation of S6K by mTOR. These 

signaling cascades increase translation initiation rates and thus, overall protein synthesis.

Speculatively, one could assume during skeletal muscle atrophy the rates of protein synthesis 

would decrease due to the lack of loading stimuli. In this case you could also assume you 

would observe diminished mTOR signaling. However, results from You et al. revealed an 

increase in mTOR activity after 7 days of hind limb immobilization in mice (You et al., 

2015). Similarly, in a mouse hindlimb unloading model, Liu and colleagues observed 

increased 4E-BP binding and decreased eIF-4E activation (decreased protein synthesis) after 

3 days and diminished binding and enhanced eIF-4E activation (increased protein synthesis) 

after 14 days. These results may be due to a compensatory or safety mechanism in which 

protein synthesis signaling is induced in order to protect or save the muscle tissue from 

wasting after prolonged periods of disuse. Furthermore, as noted previously, during muscle 

atrophy we observe a decline in normal muscle tissue morphology and function. With 

variation in protein synthesis during atrophy, it appears the degradation process 

accompanying muscle disuse and the associated atrophy outweighs any countering protein 

synthesis that is occurring.

Mitochondrial Dysfunction Associated with Atrophy

Mitochondria play an increasingly important role in the atrophy process. A definitive answer 

to why atrophy is associated with mitochondrial dysfunction is somewhat unclear. ROS and 

its damaging effects are associated with the dysfunction of mitochondria and the activation 

of degradation signaling in muscle. In skeletal muscle, mitochondria are classified as 
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SubSarcolemmal (SS) and InterMyoFibril (IMF), based on their respective locations in the 

fiber. It appears IMF mitochondria display greater changes in response to exercise. This 

could be due to their locations, as SS mitochondria are thought to be associated with 

supplying the cell membrane with energy rather than contractile proteins supplied by IMF 

mitochondria. During contractile activity, mitochondria of the skeletal muscle cells produce 

high amounts of ROS. The mitochondria’s ability to withstand the demand of energy from 

the working cells and its ability to neutralize ROS via local antioxidant defense will 

determine ROS accumulation in the cell in an acute setting. During chronic stress periods, as 

occurs in disuse of muscle, the cell’s ability to handle energy demand and neutralize ROS 

decreases leading to an accumulation of ROS. A group recently investigated the redox 

balance that occurs during skeletal muscle atrophy using a hindlimb suspension mouse 

model over 2 weeks. Soleus muscle mass was significantly reduced after 2 weeks, indicating 

atrophy. ROS generating subunits (Nox1) were significantly elevated indicating ROS is 

increased during atrophy. Also, a decrease in the expression of antioxidants that scavenge 

ROS and a decrease in subunits of the mitochondrial complex 1 were observed, further 

indicating mitochondrial dysfunction associated with atrophy (Nuoc et al., 2016).

A wealth of evidence reveals the negative effects of ROS in the mitochondria including 

induction of cell apoptosis, protein oxidation, and mtDNA mutations (Lenaz, 1998). As 

previously explained, the mitochondria serve an important role in cell apoptosis signaling 

with the release of Cyt c and the change in permeability of mitochondrial membranes. 

Numerous studies also show changes in mitochondrial density, size, activity, and shape 

during periods of disuse are associated with muscular atrophy. Mitochondrial autophagy 

(mitophagy) and mitochondrial dynamics are both observed to change during skeletal 

muscle atrophy.

The function of mitophagy is to degrade defective mitochondrial proteins. In skeletal muscle 

atrophy, excessive mitophagy results as functional proteins are damaged due to the effects of 

increased ROS in the mitochondria. This increase arises with deficiencies in the electron 

transport chain. Mitophagy occurs under normal, healthy conditions but can also become 

excessive and lead to the destruction of a disproportionate amount of mitochondrial protein. 

Keeping mitophagy in balance by limiting excessive ROS production through the 

maintenance of mitochondrial proteins may be key in limiting dysfunction during periods of 

muscle disuse.

Mitochondrial homeostatic maintenance through mitochondrial dynamics is also affected 

during atrophy. This includes the processes of mitochondrial fusion and fission. 

Mitochondria are constantly merging and dividing, which is important in maintaining 

normal mitochondrial function. Fusion is particularly important in this process. The outer 

membrane mitofusin proteins (Mfn1 and Mfn2) and the inner membrane protein optic 

atrophy 1 (Opa1) play a key role here. During periods of stress, fusion processes are able to 

mix mitochondrial contents of separate, possibly damaged, mitochondria as a way of 

complementing each other to increase function (Youle and van der Bliek, 2012). In Mfn2 

heart knockout mice, disruption of mitochondrial respiration and a decrement in ATP 

production was observed (Mourier et al., 2015). Other studies reveal that down regulating 

these genes hinders embryonic development leading to embryonic death.
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Fission processes are thought to be linked to mitophagy and serve as a “quality control” 

mechanism (Youle and van der Bliek, 2012). With an accumulation of damaged protein in 

the organelle, a dynamin-related protein 1 (Drp1) is recruited from the cytosol. Drp1 acts as 

a constrictor of mitochondria, effectively severing portions of the organelle with damaged 

proteins. This allows for autophagy activity to occur and the normal function of the 

organelle to continue. Excessive fission or unbalanced fusion and fission processes is 

detrimental to mitochondrial function.

We elucidated the expression of Drp1 and Mfn-2 in the hyperhomocysteinemia (HHcy) 

mouse model. Mice with HHcy revealed decreased levels of Mfn-2 and increased Drp1 

expression with an associated increase in oxidative stress (Familtseva et al., 2014). 

Additionally, in a second study we observed a decrease in the Mfn-2 to Drp1 ratio during a 

heart failure mouse model which suggested an increase in mitophagy (Givvimani et al., 

2014). These two studies reveal imbalances in fusion and fission processes associated with 

disease states.

Cannavino et al. showed during hindlimb suspension the Drp1 protein was upregulated in 

mouse soleus muscle while levels of Mfn-2 protein were downregulated in gastrocnemius 

muscle. Furthermore, the same group used a mouse model over-expressing PGC-1α during 

hindlimb suspension and revealed a prevention of skeletal muscle atrophy and a decrease in 

Mfn-2 of the gastrocnemius (Leduc-Gaudet et al., 2015). These results indicate a potential 

tie between atrophy and mitochondrial dynamics. As the evidence elucidating roles of 

mitochondrial dynamics associated with skeletal muscle atrophy is scarce, this potential link 

should be studied further in the future.

The diverse role of mitochondria and wealth of evidence connecting the mitochondria to 

skeletal muscle atrophy has led to many studies targeting this organelle to alleviate negative 

effects of atrophy from conditions of disuse. Recently, atrophy induced by dexamethasone 

treatment was shown to induce mitochondrial dysfunction prior to the onset of protein 

degradation processes (Liu et al., 2016). This treatment caused a decrement of intracellular 

ATP and loss of mitochondrial components involved in cellular respiration. Treatment with 

the mitochondrial nutrient resveratrol enhanced mitochondrial function while 

simultaneously ameliorating muscle atrophy. As discussed previously, resveratrol activates 

SIRT1. This activation is associated with the deacetylation and activation of PGC-1α, 

leading to mitochondrial biogenesis. Resveratrol treatment also increases running times and 

muscle oxygen consumption in mice while inducing mitochondrial biogenesis related 

mRNA expression, particularly PGC-1α and TFAM (Lagouge et al., 2006). As shown 

earlier, both of these molecules are also activated by exercise.

Exercise: Skeletal Muscle Protection

Exercise induces a hormetic response in animals. That is, an appropriate dose of exercise 

over time leads to beneficial cellular adaptations to withstand the stress of exercise. This 

process of adaptation is at the essence of evolutionary biology. At extreme or high dosages, 

exercise can be toxic. When appropriate dosages of exercise are applied to an organism, the 

hormetic response plays a role in the prevention of pathological conditions.
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Exercise has been suggested to increase mitochondrial volume by up to 40% (Lundby and 

Jacobs, 2016). This is due to factors of mitochondrial biogenesis being increased with 

exercise, signaling the increase in mitochondrial proteins to be synthesized (refer to figure 

2). In aging skeletal muscle, a rapid decline in muscle mass and muscle performance 

parameters are observed as are decreases in mitochondrial volume and biogenesis. Moderate 

exercise reverses or attenuates the decline in mitochondrial biogenesis markers and reduce 

the age-associated reduction in skeletal muscle mass (Koltai et al., 2012). Although aging is 

its own respective form of skeletal muscle atrophy, this elucidates the idea that exercise is 

able to reverse the effects of atrophy through the induction of mitochondrial biogenesis.

The type of exercise, volume, intensity, and frequency as well as genetic capabilities of the 

organism will ultimately determine the extent to which muscle cells will adapt. Athletes that 

undergo intense physical exercise, especially endurance training, drastically increase the 

amount of mitochondrial proteins, antioxidant defense, and oxidative capabilities as an 

adaptation that more efficiently produces ATP to meet the demands of training. Those 

participating in lower levels of exercise and physical training will also increase 

mitochondrial proteins and efficiency (Koltai et al., 2012), but generally to a lesser degree as 

stress is reduced and does not require higher levels of adaptation to meet the energy demand 

of the cell. With increased mitochondrial capabilities from exercise training, muscle cells 

will have a greater capacity to produce ATP and greater antioxidant scavenging enzymes 

(Steinbacher and Eckl, 2015). This adaptation allows the muscle cells to withstand larger 

levels of stress that would be incurred through physical training by a specific mechanism of 

reducing and neutralizing ROS. As stated previously, increased ROS activates many 

pathways that cause skeletal muscle cellular proteins to be degraded, resulting in a net loss 

of protein over time and in the appearance of the negative effects of atrophy.

If the previously discussed processes that contribute to protein degradation, cell apoptosis, 

and variation in protein synthesis signaling in skeletal muscle atrophy are diminished during 

an atrophic setting, a reduction in atrophy is observed. Electronic stimulation of muscle 

tissue causing contraction throughout a 14 day hindlimb suspension protocol resulted in 

significant increases in soleus muscle mass compared to controls and to an increase in Bcl-2, 

preventing mitochondrial release of CytC and apoptosis (Guo et al., 2012). As we know, 

contractile activity, as occurs in exercise, also stimulates mitochondrial biogenesis and 

protein synthesis potentially leading to these results. The administration of branched chained 

amino acids (BCAAs) throughout a 14 day hindlimb suspension model of male Wistar rats 

diminished atrogin-1 and murf-1 protein expression and prevented a decrease in soleus mass 

(Jang et al., 2015). BCAAs are known to activate mTOR pathway signaling and protein 

synthesis while reducing degradation, resulting in the protection of muscle mass, while 

mTOR activation is implicated in mitochondrial biogenesis (Figure 2). In aging mice 

overexpressing catalase, a ROS reducing enzyme in the mitochondria, an improvement in 

muscle performance and lowered protein oxidation was observed compared to aged control 

mice indicating a crucial role for mitochondrial function protecting skeletal muscle 

(Umanskaya et al., 2014).

The results above clearly indicate that different methods associated with improving 

mitochondrial function are capable of improving or preventing skeletal muscle loss during 
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atrophy. A question that remains is whether or not the skeletal muscle can be protected from 

atrophy by interventions that occur prior to the atrophic setting? The abundance of evidence 

suggesting a correlation between mitochondrial dysfunction and atrophy indicate it may be 

beneficial to target mitochondrial biogenesis to reduce excess ROS and alleviate the 

dysfunction of mitochondria and the efficiency of ATP production as a mechanism to 

diminish the processes of atrophy. If the muscle cells’ adaptations are able to last for any 

significant time during a period of unloading, atrophy may be at least diminished. Based on 

the current literature supporting increased mitochondrial biogenesis and function in skeletal 

muscle cells, we hypothesize exercising training prior to acute periods of unloading and 

disuse will provide protection to skeletal muscle from atrophy.

One particular group exercised male Wistar rats with treadmill running for 25 minutes prior 

to a 14 day hindlimb suspension protocol. In rats with no exercise intervention, muscle 

weight and fiber diameter, capillary to fiber ratio, and type I fiber ratio were all reduced after 

hindlimb suspension compared to control rats under normal activity and no suspension. In 

the group that exercised prior to suspension, all of the previous parameters were significantly 

improved, comparably (Tasaki et al., 2007). The results indicate exercise is as a counter 

measure to skeletal muscle atrophy prior to times of unloading. Although these findings are 

interesting, a single session of exercise may not be an appropriate amount of training time to 

induce adaptations that lead to long-term protection. A typical beginner exercising animal 

generally will not exercise completely during its first session, as it has not become 

familiarized to the procedure. Multiple training sessions over time allow the animal to 

understand the demands of the procedure while also allowing an exercise protocol to be 

applied that emphasizes a progression over time, leading to increased levels of adaptation. 

These heightened adaptations could be key in protecting the muscle from atrophy during 

unloading and disuse.

Another group used swimming exercise, 3 sessions a week for 4 months, on female Wistar 

rats before immobilizing a hindlimb for 14 days to assess the effect of exercise on 

rehabilitation of atrophied skeletal muscle. The exercise prevented loss of soleus muscle 

mass compared to rats that did not exercise. A feature of the present study was the use of 

swimming exercise, common in rehabilitation programs, as it does not load particular areas 

of the body that were injured previously while still allowing the muscle to contract. This also 

disallows increased mechanical loading that would be experienced in land based exercise, 

potentially providing different results. Nonetheless, this study further indicates a powerful 

role of exercise in preventing atrophy during acute disuse.

TFAM and Exercise: Skeletal Muscle Atrophy Protection

Mitochondrial biogenesis and function require TFAM to protect mtDNA from ROS and 

degradation while activating mtDNA transcription of specific proteins. TFAM proteins 

precede activity of mitochondrial biogenesis. Electrical stimulation of rat muscle at 10 Hz 

for 3 hours/day resulted in an initial 55% increase in TFAM by day 4 of stimulation. This 

was followed by a significant import of TFAM into IMF mitochondria by day 5 and 7 and 

increased import protein machinery content. Further, by day 7 TFAM binding to the 

mitochondrial promoter increased 49%, the mitochondrial transcript cytochrome c oxidase 
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(COX) III subunit protein content increased 65%, and COX enzyme activity increased by 

72% (Gordon et al., 2001). This study reveals a time schedule of TFAM preceding 

mitochondrial biogenesis processes and the intricate role TFAM plays in mitochondrial 

biogenesis that occurs during skeletal muscle contractile activity. Contractile activity occurs 

in exercise, and thus, the data of this study promotes further connection of TFAM and 

exercise.

Exercise creates an internal environment producing many signals inducing mitochondrial 

biogenesis. The activation of PGC-1α is of particular importance, as it is a convergence 

point of many of the signaling cascades activated by exercise. Kang et al. overexpressed 

PGC-1α in the tibialis anterior muscle of mice through in vivo transfection before 

immobilizing a randomly selected hindlimb for 14 days followed by 5 days of 

remobilization creating an acute period of unloading and disuse of the musculature. After 7 

and 14 days of immobilization, control mice revealed a steady decline in PGC-1α and 

TFAM mRNA expression levels. PGC-1α overexpression resulted in a decrease in ROS, 

increase in mitochondrial functional markers, and reduction in inflammatory markers after 

immobilization and remobilization of the muscle. There was also an increase in mtDNA and 

mitochondrial density. This resulted in the preservation of soleus muscle mass after 

remobilizing previously immobilized muscle (Kang et al., 2016).

With the increase in TFAM being a downstream product of upregulating PGC-1α, the results 

of increased mtDNA copy number, mitochondrial density, and mitochondrial function are 

expected. Here we see creating a condition, i.e. overexpressing PGC-1α, correlating with 

TFAM and mitochondrial biogenesis prior to an atrophic protocol in skeletal muscle resulted 

in the protection of the muscle. Since PGC-1α is upstream of TFAM, we also hypothesize 

that the upregulation or overexpression of TFAM prior to skeletal muscle unloading or 

disuse will protect the muscle from atrophy.

Nishiyama and colleagues mated transgenic mice overexpressing TFAM with mice of a 

mitochondrial disease model with mutant mtDNA. This resulted in the amelioration of 

mitochondrial disease and prolonged lifespan by increasing mtDNA copy number due to the 

effects of overexpressing TFAM (Nishiyama et al., 2010). This reveals a correlation between 

mtDNA copy number and treating a pathological condition. Moreover, Fujino et al. 

overexpressed a recombinant form of human TFAM (rhTFAM) in cultured cardiac 

myocytes. This rhTFAM rapidly entered the mitochondria and increased mtDNA copy 

number. Electron transport chain proteins (COX I and COX III) were elevated, as they are 

mtDNA encoded while nuclear DNA encoded proteins were not significantly elevated. 

Overexpression of rhTFAM also attenuated pathological hypertrophy by blocking the 

activation of nuclear factor of activated T-cells protein, known to induce pathological 

hypertrophy in cardiac myocytes (Fujino et al., 2012). Again, the data shows a correlation 

between mtDNA copy number and attenuating pathology with this example being in cardiac 

muscle cells, implicating the possibility of TFAM overexpression in the treatment of 

mitochondrial related pathologies in skeletal muscle cells.

Similarly, Ikeda et al. used transgenic mice overexpressing TFAM in a volume-overload 

induced heart failure model to observe the effects of upregulated TFAM on cardiac muscle 
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after heart failure. TFAM mice exhibited improved cardiac function, diminished pathological 

hypertrophy, and a reduction in cardiac muscle ROS compared to control, heart failure mice. 

Mitochondrial enzymatic activity did not decline in the TFAM model, as is seen with the 

control heart failure mice. This group also used rat isolated cardiomyocytes to show an 

increase in mitochondrial ROS resulted in an increase in harmful, degrading proteinases 

(metallomatrix proteinases, specifically MMP-2 and MMP-9). Myocytes overexpressing 

human TFAM resulted in increased mtDNA copy number and a suppression of 

mitochondrial ROS and proteinase activity (Ikeda et al., 2015). The results of this study 

indicate TFAM increases mtDNA copy number in cardiac muscle while also limiting 

oxidative stress. This also implicates a potential use in skeletal muscle to treat ROS induced 

pathological conditions, such as atrophy.

CONCLUSIONS

Exercise induces mitochondrial biogenesis and efficient mitophagy, increases the ability to 

create ATP and neutralize ROS, reduces cell apoptosis, increases growth and protein 

synthesis signaling, and decreases protein degradation pathways. These effects reveal the 

role exercise plays in skeletal muscle atrophy prevention and its potential use as a treatment 

prior to atrophic situations, such as prescribing exercise pre-surgery to a patient that will be 

on bedrest or immobilized post-surgery. TFAM protects mtDNA from degradation via ROS 

and initiates mitochondrial protein transcription while improving mitochondrial function. 

This reveals the role TFAM plays in preventing mitochondrial dysfunction and highlights the 

connection this dysfunction has with skeletal muscle atrophy. This knowledge can lead to 

future targeting of the mitochondria as a method of treating the negative effects associated 

with skeletal muscle disuse. Further, we believe the combination of exercise training with 

the overexpression of TFAM will synergistically enhance mitochondrial function and 

prevent skeletal muscle atrophy.
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Figure 1. 
Mitochondrial Import of TFAM
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Figure 2. 
Exercise Signaling Pathways-TFAM and Mitochondrial Biogenesis
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Figure 3. 
The Imbalance of Atrophy
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Figure 4. 
Pathways to Atrophy
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Figure 5. 
Atrophy Treatment Plan

Theilen et al. Page 29

J Cell Physiol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	BACKGROUND
	MAIN TEXT
	Mitochondria
	MtDNA
	TFAM
	TFAM Binding: Transcription Initiation and Scaffolding
	Exercise and TFAM: Upstream Factors
	Exercise and TFAM: Downstream Factors
	Skeletal Muscle Atrophy
	Protein Degradation
	Cell Death (Apoptosis)
	Protein Synthesis
	Mitochondrial Dysfunction Associated with Atrophy
	Exercise: Skeletal Muscle Protection
	TFAM and Exercise: Skeletal Muscle Atrophy Protection

	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

