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ABSTRACT 
To maintain homeostatic conditions under cellular stress, mitochondria possess the ability to 

initiate a nuclear retrograde signaling response to counteract the initial stressor and restore optimal 

organellar functioning. The Integrated Stress Response (ISR) is a newfound mitochondrial quality 

control stress mechanism that is activated in the face of intraorganellar stress and is capable of 

transducing various transcriptional responses in a manner dependent on the activating transcription 

factor 4 (ATF4). Mitochondrial homeostatic conditions can be challenged by acute contractile 

activity/exercise, activating the ISR. Using a mouse model, we sought to determine the 

responsiveness of the ISR and ATF4 to acute contractile activity of hindlimb muscle. Our data 

suggest that both the ISR and its effector, ATF4, are activated with contractile activity-induced 

stress at various stages. However, the precise mitochondrial stress that occurs with contractile 

activity and leads to the activation of the ISR and ATF4, remains to be elucidated.  
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1.0. SKELETAL MUSCLE 
 

Skeletal muscle comprises approximately 40% of total human body mass, and contributes 

significantly to multiple whole-body, intracellular and molecular functions [1]. From a mechanical 

point of view, this organ can harness the chemical energy stored in the pyrophosphate bonds of 

ATP and produce mechanical energy to facilitate and maintain locomotion, respiration and posture 

[1-3]. Metabolically, skeletal muscle regulates whole-body energy expenditure at both basal and 

active states, substrate utilization, glucose homeostasis and heat production [1-3]. To sustain such 

functions during the onslaught of altered energy demands/stressors, skeletal muscle is capable of 

undergoing profound morphological, physiological and biochemical phenotypic adaptations [4]. 

This relates to its well-known classification of being a highly dynamic and “plastic” tissue within 

the human body [4]. Nonetheless, the importance of this organ in mediating such functions has 

driven a vast interest in the scientific community to extensively explore the physiological 

mechanisms responsible for its malleability in response to a plethora of deleterious conditions and 

external stressors. However, although it is universally acknowledged that skeletal muscle is 

perhaps one of the major determinants of human health and quality of life, the precise molecular 

mechanisms responsible for such immense adaptive capabilities have not yet been fully elucidated.  

1.1. Skeletal Muscle Physiology  

1.1.1. Structure  

To fully appreciate and understand the molecular mechanisms that govern skeletal muscle 

function, its malleability, and importance in mediating physiological health, it is critical to first 

recognize its unique morphological constituents. At the whole tissue level, skeletal muscle is 

comprised of highly organized elongated and cylindrical multinucleated muscle fibers, termed 

‘myofibers’, that are arranged in a parallel manner and encased in a layer of connective tissue [1]. 

Each myofiber represents a single muscle cell and consists of multiple bundles of myofibrils that 
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contain the basic contractile units termed sarcomeres, repeated across the length of the fiber, owing 

to its striated appearance [5]. Sarcomeres are composed of the overlapping myofilament proteins, 

actin and myosin, which interact physically to form the actin-myosin cross-bridge [6]. This 

complex is necessary to facilitate muscle contractions and force production in an ATP-dependent 

manner, which is recognized as excitation-contraction (EC) coupling [6]. Located within the 

periphery of the myofiber, beneath the sarcolemma, lie the myonuclei, that regulate the expression 

of muscle and intracellular gene products in response to various stimuli and myogenic regulatory 

factors [7]. A multitude of debilitating conditions that reduce the extent of energy expenditure and 

activation of skeletal muscle drastically attenuates the number of functional myonuclei, 

contributing to the enhancement of localized muscle atrophy [8-10]. In adult muscle, specialized 

progenitor cells known as satellite cells which are normally in a quiescent state, reside under the 

basal lamina and can contribute to the myonuclei population or muscle growth/regeneration once 

provoked by several factors [11]. Along with the muscle fiber population, skeletal muscle is also 

embedded with various tissues that support efficient muscle energy production and cellular 

homeostasis, such as a-motoneurons for muscle innervation and capillaries for oxygenation and 

nutrient transport [12, 13]. Coordinated activity between each of these components is essential for 

dictating the state of muscular health and associated motor activity [5]. Aberrations to either 

constituents of this organ results in the decline of muscle health and function. 

1.1.2. Fiber Types  

Mammalian skeletal muscle was elucidated to be heterogenous in nature from pioneering 

work conducted in the early 1950’s-60’s. Through the use of various biochemical assays and 

histochemical myofibrillar ATPase analyses, it was established that muscle is comprised of Type 

I and II fibers [14,15]. Following this, immense literature focused on further classifying these 
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fibers by examining the expression of the myosin heavy chain isoforms (MHC) and metabolic 

enzyme analyses via immunoprobing assays, which indeed confirmed and lead to the distinct 

classification of the four major fiber types, within the Type I and II classifications, present in 

mammalian muscle [16]. The standard muscle fiber type classifications are as followed: 1) slow-

twitch red (STR) fibers predominantly comprised of the MHC Type 1 isoform (Type 1), 2) fast-

twitch red (FTR) fiber containing mostly MHC Type IIa isoforms (Type IIa), and 3) fast-twitch 

white (FTW) fibers which contain mostly Type IIx or IIb MHC isoforms (Type IIx, Type IIb), 

where the latter is only present in rodents [16, 17]. These standard classifications based off MHC 

expression are used vastly in the muscle physiology realm, however, fiber type characteristics are 

also further reflected in the variability between the following physiological parameters: 1) calcium 

handling and respective twitch kinetics, 2) relative mitochondrial content, 3) expression of 

oxidative and glycolytic enzymes, 4) extent of vascularization and relative diffusion distances, 5) 

isoforms of excitation-contraction coupling proteins, and 6) properties of motor units and their rate 

of recruitment [18-25]. Phenotypically, Type I (STR) fibers are the most fatigue resistant, highly 

oxidative and thereby recruited during low intensity endurance exercises, however, their maximal 

force production is less than that of the Type II fiber group [16-18]. Type IIa (FTR) fibers are 

mixed oxidative-glycolytic and are thus fast contracting yet fatigue resistant, as well as recruited 

at increasing intensities of endurance exercise, thereby commonly classified as the “intermediate” 

fiber type between Type I and Type IIx/IIb [16-18]. On the other hand, Type IIx/b muscles (FTW), 

contain a high glycolytic capacity, exhibit faster contractile activity at greater forces, and are 

recruited at high-intensities or during phasic exercises, yet they are more fatigable than the 

previously discussed fiber types [16-18]. In whole muscle groups the different fiber types are 

normally interspersed, forming what is called a mosaic pattern, and thus the proportion of each 
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fiber type can vary from muscle to muscle [16]. For instance, the human soleus muscle (slow) is 

comprised of 64% Type I, 19% Type IIa and 17% Type IIx, whereas the gastrocnemius muscle, 

which is often denoted as a mixed muscle, contains 52% Type I, 31% Type IIa and 16% Type IIx 

[26].  

Thought to be mostly static in nature, the fiber type profile in adults has been shown to 

exhibit contractile and metabolic plasticity. Indeed, there is overwhelming evidence stating that  

muscle fibers possess the capacity to adapt and convert from one type to another following periods 

of exercise and disuse [27]. The most common fiber type proportion alterations/conversions are 

seen between Type IIa and Type IIx/IIb fibers, during mechanical overload or endurance training, 

which enhances the pool of Type IIa fibers while reducing the proportion of Type IIx/b [28]. The 

conversion of Type IIa to Type IIx/b fibers is possible in cases of spinal cord injury (SCI) [29]. 

Lastly, Type I fiber conversions are most often seen in animal models under extremely high 

workloads, however this application to humans is far more extensive to observe [27].  

Nonetheless, these differences in fiber types are based on the diverse protein/enzyme 

isoforms, which govern the phenotypic differences observed between fiber types.  

1.1.3. Skeletal Muscle Mitochondria: The Powerhouses of the Cell 

1.1.3.1 Mitochondrial Structure 

Mitochondria, colloquially termed the powerhouses of the cell, are responsible for mediating 

the oxidative capacity of skeletal muscle through the provision of ATP from aerobic respiration. 

These organelles were hypothesized to be derived from endosymbiosis, an evolutionary based 

theory, in which proteobacteria populated primordial eukaryotic cells through the process of 

endocytosis more than 1.5 billion years ago [30, 31]. This origin was indeed further supported by 

the findings that mitochondria retained their own 16 kB circular genome [32]. The mitochondrial 

genome (mtDNA) only codes for 37 genes, of which 13 are structural genes encoding subunits of 
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the mitochondrial respiratory chain, 22 tRNAs, and 2 rRNAs, which gives rise to the gene 

expression machinery [33, 34]. Pioneering evidence from the early 1950’s using Electron 

Microscopy (EM) first defined the distinct structural morphology of mitochondria, which is 

comprised of two phospholipid bilayer laden membranes termed the outer mitochondrial 

membrane (OMM) and the cristae dense inner mitochondrial membrane (IMM) [35]. This sub-

cellularization correspondingly forms the intermembrane space, between the OMM and IMM, and 

the mitochondrial matrix, the innermost biochemically active space bound by the IMM [36]. 

Furthermore, the IMM contains extensive foldings termed cristae which increases the IMM surface 

area and houses the electron transport chain (ETC) complexes [36]. Thus, the relative cristae 

density is proportional to mitochondrial performance and bioenergetic capacity [37]. Indeed, these 

structural components are critical in mediating mitochondrial function and health. In particular, 

the OMM is porous and allows small molecules to diffuse into intermembrane space [38]. On the 

other hand, the IMM houses specialized protein import machinery (PIM) that is highly selective 

and strictly regulates protein import into the mitochondrial matrix. This regulation is necessary as 

the mitochondrial matrix milieu is a critical determinant of mitochondrial function and houses the 

mtDNA, which is highly suspectable to oxidative damage [36]. 

Within skeletal muscle, mitochondria exist as an interconnected reticulum which enhances 

the flow of ions, protein, lipids, mtDNA and sustains efficient energy generation along the network 

[39]. Thus, it is critical to maintain this network and be able to adapt to energetic stressors that 

may impose and diminish mitochondrial health. This maintenance is regulated by mitochondrial 

dynamic events termed fission and fusion, which remove dysfunctional mitochondrial or expand 

the network, respectively [40].   
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1.1.3.2. Mitochondrial Subfractions   

It has been extensively revealed that skeletal muscle contains two subcellular mitochondrial 

populations, one residing beneath the sarcolemma (SS mitochondria) and the other between 

myofibrils (IMF mitochondria), which serve distinct physiological roles and differ in their 

morphological and biochemical characteristics [41-44].  SS mitochondria reside in clusters directly 

below the sarcolemma of the muscle fiber and lie within proximity to the myonuclei. This 

population of mitochondria is characterized by their distinct morphology as they present as large, 

punctate globules [45, 46]. Due to their locale, SS mitochondria largely provide ATP to drive 

membrane functions, such as the coupling of ATP-driven ion pumps, as well as support the 

energetic demands of myonuclear gene expression [45, 46]. Conversely, IMF mitochondria are 

primarily found intermingled within the myofibers, and comprise approximately 80% of 

mitochondrial content within muscle [45, 46]. This subpopulation exists in a more reticular 

network with branches that extend adjacent to sarcomeres. Thereby, IMF mitochondria support 

the cellular energy demand required for the interaction between actin and myosin and thus muscle 

contractile events [47, 48]. Over the past half-century, these subfractions have been experimentally 

isolated to elucidate their differing properties and their capacity to adapt following various 

conditions. Evidence suggests that SS mitochondria experience enhanced alterations (positive or 

negative) in comparison to the IMF subfraction during conditions of chronic muscle use and disuse 

[49-54]. This inherent difference may be attributed to their cellular location and regulation of 

protein import, which thus construes the differential “sensitivity” in response to common changes 

in the cellular environment [54]. Compared to IMF mitochondria, the SS fraction displays greater 

exercise-induced increases in volume and membrane potential, however, they also show more 

pronounced decrements of mitochondrial function in response to muscle disuse [51, 53-56]. On 
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the other hand, IMF mitochondria basally possess higher enzymatic activity, respiratory and 

protein synthesis rates, as well as elevated import rates of precursor proteins [57]. Nevertheless, 

these diverse properties and characteristics of the mitochondrial subfractions support the multitude 

of molecular mechanisms that require sufficient energy to not only support muscle homeostasis, 

but to also maintain optimal muscle health.  

1.1.3.3. Mitochondrial Function  

In 1957, Philip Siekevitz branded the mitochondria as the “powerhouses of the cell” for their 

efficient capacity to produce ATP via oxidative phosphorylation [58]. Since then, it has become 

apparent that mitochondria indeed also play a crucial role in regulating multiple cellular signaling 

events both basally and in response to energetic stress [59]. This is in part due to their distinct 

morphological properties within muscle fibers and their ability to communicate with peripheral 

organelles following changes in the molecular environment [48, 60]. Notably, these cellular events 

include calcium handling, redox homeostasis and programmed cell death (mitochondrially-

mediated apoptosis). Briefly, mitochondria are capable of up-taking free cytosolic Ca2+ to maintain 

intracellular homeostatic levels of Ca2+ [61]. It has been identified that Ca2+ entry in the 

mitochondria promotes ATP production by stimulating the Krebs’ cycle and electron transport 

chain activity and is thereby beneficial under normal physiological conditions [62]. However, this 

regulation is indeed a double-edged sword as excessive Ca2+ accumulation in mitochondria can 

initiate a cascade of deleterious signaling events, which consequently leads to mitochondrial 

dysfunction [63]. Moreover, it is widely accepted that redox signals to and from mitochondria are 

at the core of a wide variety of biological processes, including cell proliferation and differentiation, 

adaptation to hypoxia, autophagy, immune function, and hormone signaling [64]. The most studied 

and best characterized mitochondrial redox signaling molecule, acting as a second messenger, is 
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H2O2, which has a plethora of signaling targets such as PGC-1𝛼, p53 and c-Jun N-terminal kinase, 

thereby initiating signaling events that contribute to cellular and phenotypic adaptations [65, 66]. 

Lastly, mitochondria can initiate cellular apoptosis in response to changes in mitochondrial 

function or physiological environment [8-10, 51]. For instance, when there is an overload of Ca2+ 

or a severe accumulation of ROS within the mitochondrial matrix that cannot be scavenged, the 

opening of a mitochondria permeability transition pore (mtPTP) is triggered, which consequently 

leads the release of mitochondrial-laden apoptotic factors, cytochrome c, AIF and EndoG [8-10, 

67]. These factors induce nuclear DNA fragmentation and thus nuclear decay. Nonetheless, the 

process of generating ATP should not be overlooked as it is still one of the major mitochondrial 

functions and reason for the immense popularity of this organelle in molecular biology. In that 

regard, mitochondria produce ATP via a series of redox reactions by utilizing the substrates 

generated from Krebs’ cycle. Precisely the substrates NADH and FADH2 donate a pair of electrons 

to the Electron Transport Chain (ETC) Complex I (NADH dehydrogenase) and Complex II 

(Succinate dehydrogenase), respectively. The electron flow is coupled with the generation of a 

proton gradient across the inner membrane from the matrix into the intermembrane space (IMS) 

[68]. The donated electrons are then subsequentially passed through a chain of cofactors, 

ubiquinone (Q), downstream complex and cytochrome c to their final destination, Complex IV 

(cytochrome c oxidase) where molecular oxygen acts as a terminal electron acceptor and is reduced 

to water [69]. The movement of protons from the mitochondrial matrix into the intermembrane 

space creates a protonmotive force (Δp), which is the proton concentration (pH) combined with 

the electrochemical proton gradient, known as the mitochondrial membrane potential (ΔΨ) [68, 

69]. The production of ATP from ADP is coupled to the dissipation of the protonmotive force by 

the pumping of H+ back into the matrix through Complex V (F0/F1-ATP synthase). This force is 
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thereby transformed into kinetic energy and is utilized to join inorganic phosphate and ADP [69]. 

This process is dependent on the cellular levels of ADP imported into the mitochondria via the 

adenine nucleotide translocase, making this molecule the rate limiting factor in this process. 

Nonetheless, mitochondria as briefly described, play an incredible role in regulating a variety of 

critical cellular functions, which contribute to its importance in supporting muscle and human 

health.  

2.0. ADAPTATIONS TO EXERCISE 

As previously discussed, skeletal muscle is highly adaptive and capable of responding to and 

matching the energetic demands placed upon it. The lability and metabolic flexibility of this tissue 

is centrally mediated by mitochondria and their bioenergetic availability. Exercise is a potent 

external stressor that challenges muscle homeostasis and induces a multitude of cellular 

adaptations to sustain ideal functioning. During the onset of exercise, intracellular concentrations 

of ATP are reduced, causing an energy deficit [70]. This insufficiency elicits various intracellular 

responses/changes to appropriately match the newly imposed energetic demand and maintain 

tissue function. Mitochondria, being the powerhouses of the cell and mediators of skeletal muscle 

plasticity, drastically respond to this exercise-induced cellular stress by undergoing a myriad of 

alterations, such as reticulum remodeling/dynamics (biogenesis and mitophagy), to optimize 

network functioning, supply the required ATP, restore cellular homeostasis, and enhance muscle 

performance.  

Acute exercise has garnered interest in the scientific community due to its ability to initiate 

robust muscular signal transduction and cellular stress response pathways, which when repeated, 

are the basis for substantial mitochondrial adaptations, such as in exercise training [71-73]. It has 

been elucidated that the beneficial effects of exercise typically occur during the recovery period 
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(~1-48 hours), as there are transient elevations the expression of genes responsible for enhancing 

the mitochondrial network [72]. With repeated bouts of exercise, followed by sufficient recovery, 

stark changes in protein content indeed alter the skeletal muscle phenotype and improve overall 

exercise performance [73, 74]. 

Our laboratory has optimized an in situ model to elicit acute contractile activity/signaling. 

Substantial work has shown that this protocol is capable of eliciting acute muscle fatigue and can 

be used to evaluate intracellular signaling events as well as the kinetic properties of the muscle in 

question (gastrocnemius or tibalis anterior) [75-78]. Briefly, the in situ model evokes acute muscle 

contractile activity via nerve stimulation. With this, experimenters can tightly control and evaluate 

the stimulus parameters, maintain homeostatic conditions and analyze the mechanical response in 

real time. Indeed, other groups have also used a modified version of this protocol and have shown 

an induction of intracellular signaling pathways that are typically seen with whole body exercise 

paradigms, which will be discussed in a later section [79, 80]. 

2.1. A Drive for Mitochondrial Biogenesis 

Contractile activity, as previously discussed, induces a metabolic stressor to muscle and 

results in the initiation of muscle plasticity, which is driven by the enhancements/modifications of 

the mitochondrial reticulum. Pioneering work from John Holloszy first demonstrated that 

endurance exercise training could induce increases in mitochondrial content, mitochondrial 

networking and thereby enhance endurance performance [81]. This mitochondrial remodelling 

event, now commonly termed mitochondrial biogenesis, is recognized as the synthesis and 

integration of new mitochondria into the pre-existing reticulum and has been thoroughly examined 

in the context of various exercise paradigms (Fig. 1) [82]. Mitochondrial biogenesis is reliant on 

the coordinated expression and interaction of both the mitochondrial and nuclear genomes [74]. 
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This unique association is necessary as the majority (99%) of proteins that comprise the organelle 

(~1200) are derived from the nuclear genome, whereas the remaining 1% are transcribed from 

mtDNA [83]. The expansion of the mitochondrial network not only requires the finely tuned 

regulation of both genomes, but also the incorporation of nuclear derived mitochondrial proteins 

into their respective mitochondrial compartments, a process termed protein import, which will be 

described in a later section [84]. During exercise, contractile activity-induced signals are known 

to activate protein modifying enzymes such kinases, phosphatases, and deacetylases that alter the 

protein conformation and activity [74]. This enzymatic activity ultimately results in a cascade of 

events that leads to alterations in the expression of both mitochondrial and nuclear gene products, 

thereby enhancing the rate of protein integration into the expanding reticulum to form ETC 

complex holoenzymes and produce functional organelles [85]. Following an acute bout of 

exercise, this drive for biogenesis is indeed transiently observed as there are dramatic increases in 

the activation of the signaling kinases and their downstream effects on related transcription factors 

[86]. With exercise training, the cumulative effects of the signaling processes that occur acutely 

leads to net changes in the expression of mitochondrial proteins thereby increasing mitochondrial 

content, improving the capacity for oxidative phosphorylation, reducing the requirement for 

glycolytic activation, and lowering lactic acid production [83-86]. Therefore, the summation of 

such transient molecular events improves exercise capacity and produces a more oxidative muscle 

phenotype that is highly fatigue resistant, dictated by enhancements in mitochondrial density and 

enzyme activity [86].  

2.1.1. Molecular Signaling During Exercise 

The initiation of mitochondrial biogenesis, and thus muscle adaptations, during exercise 

training occurs from the early signals induced by repeated (acute) muscle contractions [85-87]. 
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These signals are related to the rapid dynamic events evoked during sarcomere shortening, such 

as intracellular calcium oscillations, increases in ATP turnover, enhanced ROS production, and 

oxygen consumption [85, 88, 89]. The magnitude of each signal increases in a proportional manner 

dependent on the intensity and duration of the contractile effort [83]. The exercise-induced 

signaling kinases that are particularly involved in the induction of mitochondrial biogenesis 

include calcium/calmodulin-dependent protein kinase (CaMK), p38 mitogen-activated protein 

kinase (p38 MAPK), and AMP-activated protein kinase (AMPK) (Fig. 1) [90-95]. During 

contractile activity, Ca2+ is released from the sarcoplasmic reticulum (SR) via the interaction 

between the dihydropyridine receptor (DHPR) and the ryanodine receptor (RyR), to mediate the 

activity of the actin-myosin cross-bridges. Elevations in intracellular Ca2+ activate 

calcium/calmodulin-dependent protein kinases (CaMKII, CaMKIV) [96, 97]. Upon activation, the 

CaMKs phosphorylate the cAMP response element (CRE) binding protein (CREB), thereby 

stimulating its binding to the CRE element on the promoter region of PGC-1𝛼, the “master 

regulator” of mitochondrial biogenesis, discussed in a later section, to enhance its transcriptional 

drive [91]. Furthermore, CaMKIV catalyzes specific phosphorylation events on histone 

deacetylase complexes (HDACs), leading to their nuclear exclusion and release of their inhibitory 

action on MEF2 and its transcriptional activity on the PGC-1𝛼 promoter [98-100]. Intracellular 

calcium also activates the phosphatase Calcineurin which dephosphorylates MEF2, further 

boosting its transcriptional activity [101]. Next, exercise increases ATP hydrolysis and turnover, 

resulting in a rise in AMP:ATP levels and subsequent activation of AMPK, where it directly 

phosphorylates PGC-1𝛼 post-translationally to enhance its co-transcriptional control [102-104]. 

Moreover, AMPK can bind to the E-box on the PGC-1𝛼 promoter region to drive its expression 

by interacting with the transcription factor USF-1, thereby contributing to the overall enhancement 
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of mitochondrial biogenesis [105]. During contractile activity, elevations in ROS production 

activates the kinase, p38 MAPK, which can phosphorylate the transcription factors CREB, ATF2, 

MEF2, and p53, enhancing their binding to the PGC-1𝛼 promoter [93, 106-108]. Moreover, p38 

MAPK can directly phosphorylate PGC-1𝛼 in a post-translational manner to promote its stability 

and enhance its co-transcriptional activity proportionally [109]. Lastly, in this cellular state, the 

ratio of NAD+ to NADH increases due to the enhanced oxidative phosphorylation of NADH that 

emanates from Complex I of the ETC. This change in ratio during a low energy status triggers the 

activation of the histone deacetylase Sirtuin 1 (SIRT1), located within the nucleus, which will 

activate PGC-1α by deacetylating specific amino acid residues, thus enhancing its activity [110-

112]. Nonetheless, as described, during contractile activity, the regulation of mitochondrial 

biogenesis is mediated mostly though the enhancement of the transcriptional coactivator PGC-1𝛼. 

Indeed, the myriad of signals that are evoked during contractile activity ultimately converge on 

PGC-1𝛼, making this transcription factor the hallmark for mediating mitochondrial biogenesis and 

adaptations during exercise. 

2.1.2. PGC-1𝛂 

Peroxisome proliferator activated receptor gamma (PPARγ) coactivator-1a (PGC-1α), as its 

name suggests, was first identified based on its interaction with the nuclear hormone receptor, 

PPARγ, during adaptive thermogenesis [113]. Literature has now established the importance of 

PGC-1𝛼 in metabolic organs such as the heart, liver, brain, adipose tissue, and skeletal muscle as 

it can regulate of a variety of processes ranging from gluconeogenesis, brown fat thermogenesis, 

muscle fiber type specialization, and oxidative phosphorylation [114, 115]. As illustrated in the 

former section, PGC-1𝛼 is commonly recognized as the “master regulator” of mitochondrial 

biogenesis (Fig. 1). The intracellular signals invoked during contractile activity converge on its 



 
 

15 

activation to enhance the expression of nuclear genes encoding mitochondrial proteins, known as 

NuGEMPs [82-86]. Functionally, PGC-1𝛼 is a transcriptional coactivator that is unable to directly 

bind with the genome but can augment gene transcription by docking with nuclear 

receptors/transcription factors and additional proteins on the promoter regions of NuGEMPs to 

induce expressional changes and initiate mitochondrial biogenesis [116-120]. In particular, PGC-

1𝛼 coactivates multiple transcription factors such as, ERRs, PPARs, and both NRF-1 and -2 [121, 

122]. Interactions with the aforementioned nuclear receptors result in the transactivation of a 

plethora of mitochondrial proteins, including cytochrome c, components of the electron transport 

chain complexes, mitochondrial import proteins, heme biosynthesis proteins, and transcription 

factors of mtDNA, such as the mitochondrial transcription factor A (Tfam), which thereby 

maintains/improves the mitochondrial pool and contributes to exercise induced adaptations [115, 

123].  

The importance of PGC-1α has been demonstrated in various human, animal and cell culture 

models in response to exercise and with marked alterations of its expression. For instance, a single 

bout of exercise in human tissue, initiates the transcription of PGC-1α and its nuclear abundance 

3 hrs into recovery which corresponds to an increase in mitochondrial protein content and enzyme 

activity [124]. Following exercise training, there is an enhancement of the mitochondrial pool and 

respiratory capacity, concomitant with the repeated induction and activation of PGC-1α seen with 

acute exercise [84, 125-131]. In contrast, PGC-1α null animals are more exercise intolerant in 

comparison to wild-type (WT) controls, due to the stark reductions in mitochondrial volume and 

respiratory capacity, as well elevations in ROS production [132-134]. However, with endurance 

training, PGC-1α null mice display a similar fold-increase in mitochondrial protein levels 

compared to controls [132, 135-137]. This reveals possible pathway redundancies or compensatory 
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mechanisms that exist to improve mitochondrial health in response to exercise. On the other hand, 

the muscle-specific overexpression of PGC-1α is sufficient to induce a more oxidative muscle 

phenotype basally, as there are increases in mitochondrial content and a shift towards a greater 

proportion of oxidative Type 1 fibers (slow-twitch phenotype), improving overall fatigue 

resistance and exercise performance [114, 138]. Therefore, as highlighted, PGC-1α is a critical 

transcriptional co-activator that maintains basal mitochondrial content, as well as has a role in 

mediating exercise adaptations, which thereby emphasizes the importance of understanding it’s 

the regulation not only during exercise but in regard to mitochondrial diseases or myopathies.  

2.1.3. Protein Handling Machinery and Import 

Since a large proportion of the mitochondrial proteome is derived from nuclear-encoded 

genes, mitochondrial biogenesis is thus dependent on the efficient import and coordination of 

nuclear derived mitochondrial precursor proteins into the organelle [82]. In this regard, 

mitochondria contain a unique and elaborate import system to transport these nuclear-encoded 

proteins into the mitochondrion to thereby be incorporated into their distinct mitochondrial 

destination. This import process is highly regulated and occurs via the multi-subunit complexes 

termed the mitochondrial protein import machinery (PIM), which comprises the translocases of 

the outer and inner membrane (TOM and TIM, respectively) (Fig. 1) [139, 140]. The specific 

allocation of the nuclear derived precursor proteins into the mitochondrial sub-compartments is 

dictated by the mitochondrial targeting sequence (MTS) that is often either located at the N-

terminus or as an internal sequence [141]. Nascent precursor proteins, once recognized, are 

maintained in a recognizable unfolded confirmation and transported to the organelle import site 

via cytosolic chaperones, such as HSP70 and HSP90, where the import process is initiated by the 

TOM complex [142]. Mitochondrial matrix destined precursors transit through the OM via the 
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Tom40 channel and then sequence to the TIM complex, where the precursor passes through the 

IMs major protein channel, Tim23 [143]. The translocation process through the IM and into the 

mitochondrial matrix is dependent on the negative membrane potential (ΔΨ) and the ATP-

dependent function of the presequence translocase-associated motor (PAM), which is comprised 

of mtHSP70 and other associated proteins [144]. Following IM translocation, the transiting 

precursor proteins are actively pulled into the matrix by mtHSP70 (of the PAM) in an ATP-

dependent manner [144]. Once in the matrix, the MTS on the precursor protein is cleaved by 

mitochondrial processing peptidase (MPP) where it will be refolded by resident chaperones such 

as HSP60 and chaperonin10 (cpn10) into their mature conformation to thereby be released into the 

matrix or be incorporated into functional holoenzyme complexes [144]. On the other hand, OM 

destined proteins are sorted and inserted via a separate group of multi-subunit proteins, termed the 

SAM complex, once interacted with TOM [145]. Nonetheless, mitochondrial protein import is a 

highly responsive and dynamic process as its functional rate can be adjusted to match the needs of 

the cell and thus reflect the drive for mitochondrial biogenesis. For instance, during exercise 

training, the protein expression of the PIM components are increased, such as Tom20, Tim23 and 

other constituents, and this coincides with increased rates of protein translocation into the 

mitochondrion [146, 147]. As well, the cytosolic and mitochondrial chaperones that mediate this 

import process, HSP70, HSP90, MSF, cpn10, HSP60 and mtHSP70, are also substantially elevated 

in their expression and content following training [148]. These adaptations and thereby alterations 

of the PIM following contractile activity (acute and training) are vital to support the augmented 

drive of mitochondrial biogenesis that occurs with various exercise paradigms, ultimately to 

support the expansion of mitochondrial reticulum and contribute to improvements in muscle 

functionality.  
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It should be noted that stark increases in the rate of protein import, which can occur during 

the onset of acute unaccustomed exercise-induced stress, can lead to the activation of stress 

response pathways, notably the Integrated Stress Response (ISR) and the mitochondrial Unfolded 

Protein Response (UPRmt), described in a later section (Fig. 1). The protein import pathway 

therefore plays a pivotal role in the maintenance of cellular homeostasis, acting as a sensor of 

mitochondrial dysfunction and triggering adaptive stress responses. In that regard, during such 

acute cellular stress, the rate of protein import exceeds the intrinsic capacity of the PIM and 

chaperones to fold incoming precursor proteins into their mature configuration, which leads to the 

accumulation of unfolded proteins within the organelle. This accumulation is indeed detrimental 

as it disrupts the mitochondrial proteostatic status and leads to acute organelle dysfunction, such 

as enhanced ROS production and impaired functioning. However, the activation of such stress 

responses contributes to combating such dysfunction via transcriptional regulation in an attempt 

to return the cell to its homeostatic condition [149, 150].  

2.2. A Drive for Selective Mitochondrial Degradation (Mitophagy) 

Although contractile activity and exercise training elicits mitochondrial biogenesis to match 

the energetic demands placed upon the cell, it is also vital to eliminate any segments of the 

mitochondrial network that are defective and unable to support the metabolic demands which 

thereby perturb normal muscle physiology and function [52, 151, 152]. This process of elimination 

is termed mitophagy, a selective form of autophagy specified for degrading dysfunctional 

mitochondria, to thus improve and maintain the quality of the mitochondrial pool during instances 

of exercise-induced stress (Fig.1) [153]. When mitochondria produce excessive amounts of ROS 

in the absence of ATP production and/or exhibit a decrease in their membrane potential, they are 

thereby classified as dysfunctional and contribute to reductions in the quality of the mitochondrial 
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pool [154, 155]. Once deemed dysfunctional, the process of selective autophagy ensues, initiated 

by the flagging of the organelle and degradation via the lysosome. The lysosome contains a highly 

acidic lumen and a multitude of catalytic enzymes that facilitate the degradation of the damaged 

organelles into their basic constituents, amino acids, which are released and recycled in the cytosol 

to support future protein synthesis [155, 156]. The main mitophagy pathway that has been 

elucidated in skeletal muscle homeostasis and exercise involves the PINK1 and Parkin proteins 

[151-155]. In functional mitochondria, PINK1 is imported into the mitochondria where it is 

degraded by resident proteases [157, 158]. However, when mitochondria become dysfunctional, 

such as during severe exercise-induced cellular stress, PINK1 can no longer be imported due to a 

loss of PIM functionality [157, 158]. Instead, PINK1 accumulates on the outer membrane of the 

mitochondria to subsequently facilitate the recruitment of the E3-ubiquitin ligase Parkin to this 

mitochondrial site [157, 159]. Upon recruitment, Parkin mediates the ubiquitination of the outer 

membrane proteins for lysosomal degradation. This tagging process initiates a signal for the 

lipidation of LC3-1 into its active form, LC3-II, mediating the nucleation and growth of the 

phagophore [160]. Once this basis has begun, the adapter protein p62/SQSTM1 protein anchors 

the ubiquitinated mitochondria and the LC3-II laden double-membraned phagophore, facilitating 

the formation of the mature double-membraned autophagosome, encapsulating the dysfunction 

organelle entirely [161]. Finally, the autophagosome will travel via microtubules in the cell and 

fuse with the lysosome to degrade the organelle into its basic constituents [162].  

In response to the energetic imbalance brought about by acute exercise, similar to biogenesis, 

mitophagy is also initiated, and this is primarily mediated by the change in the AMP/ATP ratio, 

leading to the activation of AMPK [162, 163]. Once induced, AMPK, will phosphorylate a 

downstream target, Unc-51 like autophagy activating kinase 1 (ULK1), at specific residues, 
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inducing its activation, whilst concurrently inhibiting the known suppressor of the mitophagic 

pathway, mTORC1 [164, 165].  Following acute exercise, various signaling pathways induce this 

mitophagic process and thereby enhance the flux/rate of mitochondrial degradation in response to 

cellular changes in the environment [163, 166, 167]. As well, the intracellular signals that are 

increased with acute exercise also leads to the enhanced expression of the proteins that mediate 

the formation of the autophagosome and lysosome, as well as their interaction [163, 166, 167]. 

However, in response to endurance exercise training, multiple studies have indeed identified that 

the exercise-induced increase in mitophagy flux was blunted, whist observing increases in the 

basal expression of mitophagy and lysosomal markers [151, 167]. Such evidence indeed suggests 

that in response to an acute bout of exercise, mitophagy signaling is elicited to enhance the 

mitochondrial pool. However, with exercise training, the improvements in mitochondrial function 

and optimization of mitochondrial pool evident with this mode of exercise reduces the necessity 

for in mitophagy signaling/drive in comparison to untrained controls. 

3.0. MITOCHONDRIAL STRESS RESPONSE PATHWAYS 

Mitochondria, given their distinct cellular roles, must maintain homeostatic conditions to 

sustain an optimal organelle network within skeletal muscle in response to energetically 

demanding conditions. This regulation and thus adaptative capacity is largely mediated by the 

distinct processes of mitochondrial biogenesis and mitophagy. However, organisms have evolved 

multiple mechanisms to recognize and resolve stress and/or dysfunction within the mitochondrial 

network. This concept of a mitochondrial stress response was first established in pioneering work 

from Vandana Parikh and colleagues [168], who showed that mitochondrial dysfunction alters 

nuclear gene expression in yeast. In this regard, it has now been elucidated that mitochondria 

possess robust intermediary mechanisms to help maintain cellular functioning and thereby enhance 
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their adaptative capability to various stressors [169]. Such organelles can elicit appropriate stress 

responses in the face of acute organelle perturbations/stress. This is accomplished via the 

generation of a “retrograde response”, a form of communication with the nucleus, that initiates the 

enhancement of the expression of specific/protective NuGEMPs to resolve the original organellar 

perturbations and contribute to the improvement of mitochondrial function/adaptations [169-171]. 

Collectively, these responses are generally considered a mechanism of mitochondrial repair, rather 

than remodeling, and are thought to be the first line of “defense” to quickly restore homeostasis 

and avoid substantial harm to the cell that could trigger the induction of more drastic outcomes, 

such as mitophagy and cell death through apoptosis [170]. Mitochondrial stress response pathways 

can be activated during exercise-induced energetic stress as exercise triggers mitochondrial 

remodeling in an attempt to satisfy the newly elevated energy requirements [172-174]. In this 

regard, exercise has been shown to potentially induce acute mitochondrial stress in the form of 

enhanced protein misfolding (proteotoxicity), due to the enhanced transcription of mitochondrial 

genes and their respective organelle protein import and exacerbate the presence of damaging 

reactive oxygen species (ROS), thereby negatively impacting mitochondrial function [175, 176].  

Two prominent stress response pathways, as previously mentioned, the ISR and UPRmt, have 

garnered recent interest in the scientific community due to their wide ability to incorporate and 

sense mitochondrial stress in response to extenuating conditions (Fig. 1). Although their role in 

maintaining mitochondrial stress has been partially explored, their direct link to exercise-induced 

mitochondrial stress has not been fully elucidated. 
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Figure 1. The Mitochondrial Life Cycle During Exercise: Mitochondrial Quality Control 
Processes. A) Contractile activity of muscle during exercise induces various metabolic and cellular 
alterations, including increases in ROS production, cytosolic Ca2+ concentrations, NAD+/NADH, 
and AMP/ATP, which all activate specific signaling kinases. Upon activation, such kinases will 
converge on the activation and induce the nuclear translocation of the master regulator of 
mitochondrial biogenesis, PGC-1𝛼. Acting as a co-transcriptional activator, PGC-1𝛼 will bind 
other transcription factors, such as NRF-1/2 to enhance the transcription of  NuGEMPs. Once 
transcribed and translated, these pre-proteins, which contain a cleavable mitochondrial 
presequence on their N-terminals, will be imported into the mitochondria via the TIM and TOM 
complexes (PIM). B) The newly imported proteins will be cleaved and processed into their mature 
conformations to be incorporated into the mitochondria, thereby contributing to the expansion of 
the mitochondrial reticulum, known as mitochondrial biogenesis, via fusion events. C) During 
unaccustomed exercise, however, the rate of protein import into the mitochondria exceeds the 
intrinsic folding capacity of the mitochondrial chaperones and degradation via proteases thereby 
leading to an accumulation of misfolded proteins, causing temporary mitochondrial proteotoxicity 
and stress in various forms, such as reductions in membrane potential and enhanced ROS 
production. This mitochondrial stress is sensed by the stress responses, the ISR and UPRmt, which 
orchestrate a transcriptional regulation to combat such stressor(s) by upregulating cytoprotective 
genes, such as chaperone and proteases, to thus restore mitochondrial functioning. D) However, if 
such mitochondrial stress cannot be alleviated, signaling towards mitochondrial degradation 
occurs. This is mediated by the separation of the dysfunctional organelle via fission from the 
reticulum, and subsequent degradation via the lysosome following tagging and autophagosome 
formation.  
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3.1. The Integrated Stress Response (ISR): Activation and Regulation 

The integrated stress response (ISR) is an evolutionally conserved adaptive translation 

program that is responsive to a variety of different environmental and pathological stressors [177]. 

Such stressors include, protein homeostasis (proteostasis) defects, nutrient deprivation, viral 

infection, oxidative stress and most recently, mitochondrial dysfunction/perturbations [178]. The 

ISR ultimately serves to maintain cellular health and overcome stressors by reprogramming gene 

expression [179]. With regards to mitochondria, the ISR serves as a hallmark response to 

mitochondrial stress that ultimately maintains overall mitochondrial quality in the face of 

organellar disturbances. However, this stress response program can also execute cell death 

mechanisms, such as apoptosis, if cellular health cannot be restored [177, 178]. The ISR is 

activated via distinct stress signals that are transmitted and sensed in various cellular compartments 

through the induction of four serine/threonine upstream kinases, protein kinase RNA-like 

endoplasmic reticulum kinase (PERK), general control nonderepressible 2 (GCN2), RNA-

activated protein kinase (PKR), and heme-regulated inhibitor kinase (HRI) [179]. The four kinases 

share extensive homology in their kinase catalytic domains but possess distinct regulatory 

domains, reflective of their unique response to stressors [180]. Upon sensing stress, these kinases 

will undergo full activation via autophosphorylation and homodimerization events, where they 

will then converge on a common target, the eukaryotic translation initiation factor eIF2, a 

heterotrimer consisting of an 𝛼, 𝛽, and 𝛾 subunit [181]. Specific to the ISR, the 𝛼 subunit is 

phosphorylated at serine 51 by one or more of the four kinases, leading to reduced global 

translation as well as selective synthesis of important regulators of homeostatic control [182-184]. 

This distinct regulation ultimately alleviates the pressure of continued translation, which can be 
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damaging to cellular constituents that are already facing stress, and primarily focus on restoring 

cellular homeostasis and thus overall survival.  

The prominent feature of ISR signaling lies in the alterations of the ternary complex (TC) 

which is instrumental in initiating the translation of cap-dependant translation, commonly 

identified as AUG-initiated upstream open reading frames (uORFs) in the cell’s transcriptome 

[185]. The TC is composed of the heterotrimeric eukaryotic translation initiation factor eIF2 bound 

with guanosine 5′-triphosphate (GTP), and a charged methionyl-initiator tRNA (Met-tRNAi) 

[178]. Under basal conditions, the TC will dock onto the 40S ribosomal subunit, creating the 43S 

preinitiation complex (PIC) [186]. The recognition of the start codon AUG on mRNA triggers 

GTP hydrolysis of eIF2 and its release, followed by the recruitment and binding of the 60S 

ribosomal subunit, thus allowing the elongation phase of protein synthesis to commence [186]. 

The GDP bound to eIF2 is then exchanged for GTP, recycling eIF2 to its active state, allowing for 

another round of translation initiation [178]. This recycling is catalyzed by the interaction with the 

guanine exchange factor (GEF) eIF2B [187]. Briefly, eIF2B is composed of two copies of five 

different subunits (α, β, δ, γ, and ε) that assemble into a large two-fold symmetric heterodecamer; 

however, eIF2B’s catalytic nucleotide exchange activity resides in eIF2Bε subunit [188]. In order 

to exchange GDP for GTP, eIF2B must form a complex with its substrate eIF2. Phosphorylation 

of eIF2𝛼 induces a profound structural rearrangement, which alters its binding to eIF2B, thereby 

restricting the nucleotide-binding domain and preventing access to the catalytic GEF domain [187, 

188]. This inhibition subsequently blocks the eIF2B-mediated exchange of GDP for GTP and 

reduces the formation and availability of the 43S PIC, rendering the cell unable to re-initiate 

protein translation and thus attenuating global translation of 5’ cap-dependant mRNAs [186-188]. 

Simultaneously, the translation of mRNAs that contain short “inhibitory” upstream open reading 
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frames (uORFs) in their 5’ untranslated region (5’UTR) are enhanced [189]. Under basal/normal 

conditions, these “inhibitory” uORFs prevent the translation of downstream coding DNA 

sequences (CDS) by causing the translation machinery to “skip” the start codon of the sequence, 

however, the reduced availability of the TC when eIF2𝛼 is phosphorylated allows for the inhibitory 

uORF to be skipped enabling the downstream coding sequence to be expressed [177, 178]. As a 

result of this, selective transcripts which contain inhibitory uORFs in their mRNA, such as ATF4, 

the main effector of the ISR, can be expressed in response to stressful conditions [178]. 

The ISR is terminated by the dephosphorylation of the central signaling molecule, eIF2𝛼. 

This event typically occurs when the initial stressor has been relieved, thus warranting normal 

protein synthesis and cell functioning to be resumed. The dephosphorylation of eIF2𝛼 is mediated 

by a protein phosphatase 1 (PP1) complex that recruits a catalytic subunit (PP1c) and a regulatory 

subunit [190]. In mammals, the most prevalent regulatory subunits of the phosphatase activity are 

GADD34, known as growth arrest and DNA damage-inducible protein, and CReP, the constitutive 

repressor of eIF2𝛼 phosphorylation [191, 192]. In a complex with PP1c, CReP, in unstressed 

conditions, is ubiquitously responsible for monitoring the basal levels of eIF2𝛼 phosphorylation 

[192]. Conversely, GADD34, which is a downstream target of the ISR and ATF4, specifically 

during the later stages of response activation, forms a complex with PP1c to significantly increase 

eIF2𝛼 dephosphorylation, acting as an important negative feedback loop to restore protein 

synthesis [191].  

3.1.1. ATF4: Main Effector of the ISR  

The activating transcription factor 4 (ATF4), also known as cAMP-response element binding 

protein 2 (CREB-2), has recently been established as the best characterized effector of the ISR in 

response to a multitude of organellar stressors, such as with mitochondrial insults [193, 194]. Its 
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structure is a critical facet in terms of its functional capabilities and overall means of gene 

regulation (Fig. 2). ATF4 is categorized as a basic leucine zipper (bZIP) transcription factor, since 

it contains a bZIP domain, which consists of a basic region and a leucine zipper, in the C-terminus 

of its peptide sequence, allowing it to bind to DNA and either a nonidentical bZIP protein 

(heterodimers) which includes three major subfamilies: cJun/cFos, ATF/CREB and CCAAT 

enhancer binding protein (C/EBP) or to itself (homodimer) [195-197]. This bZIP domain in ATF4 

makes up a small proportion of the overall protein (~18%), with the remaining portion of the 

peptide sequence being variable between bZIP family members [193, 198]. The basic region 

mediates DNA binding and dictates which genetic regulatory elements within the promoters of 

various genes can be targeted by the bZIP homo-and heterodimers [177, 193, 194]. Conversely, 

the leucine zipper is an amphipathic helix that forms a coiled structure and is essential to mediate 

the dimerization between two bZIP proteins [194]. A majority of bZIP proteins are structurally 

suitable to homodimerize and remain functional/stable, however, it has been well noted that ATF4 

cannot [199]. Conversely, the ATF4 leucine zipper has a high affinity to bind to the bZIP domains 

of other proteins (~30), forming stable and highly functional heterodimers, thereby illustrating its 

breadth of gene regulation [199]. The stable ATF4 heterodimers can bind to a wide array of 

response elements (REs) on a plethora of genes, including including amino acid (AARE), C/EBP-

ATF (CARE), cAMP (CRE), antioxidant (ARE), and mitochondrial (MURE) response elements 

[200, 201]. This further highlights the classical biological phenomenon of combinatorial control, 

due to the variety of ATF4 heterodimers and their distinct regulatory mechanisms capable of 

generating a unique set of downstream effects. On the other hand, the N-terminal of the ATF4 

peptide sequence contains a transactivation domain (TAD), comprised of various sites for post-

translational modifications, including phosphorylation, acetylation, ubiquitination, hydroxylation, 
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and interactions with non-bZIP family proteins, which regulates the protein stability of ATF4 [177, 

193, 194]. Specifically, in the TAD, a β-transducin repeat-containing protein (βTrCP) recognition 

motif (DSGXX(X)S) is present in this domain where 𝛽TrCP, an F-box protein and the receptor 

component of the SCF E3 ubiquitin ligase, can bind to upon stimulation [202]. When the serine 

residues of this motif are phosphorylated, it results in the interaction with 𝛽TrCP and the 

subsequent degradation by the proteasome, thereby reducing the protein stability of ATF4 [202]. 

Further, the histone acetyltransferase p300 can bind to the TAD and induce the stability of ATF4, 

independently of its catalytic activity, by inhibiting the phosphorylated driven proteasomal 

degradation [203]. Lastly, binding of the prolyl-4-hydroxylase domain (PHD) 3 protein (PHD3) 

on the oxygen-dependent degradation region (ODDD), can also reduce the stability of ATF4 [204]. 

Although heavily regulated at the translational level, the transcriptional expression of ATF4 

is also altered in response to various cellular stressors. For example, ATF4 mRNA levels are 

lowered 3-fold in response to UV stress, whereas ATF4 transcript levels are significantly increased 

during ER stress, thereby contributing to the extent of the stress response activation [205].  The 

precise transcription factor(s) that induce such expressional regulation have not yet been elucidated 

in the literature, however, evidence points to the activity of c-jun N-terminal kinase 2 (JNK2), 

which has been proposed to induce the binding of the transcription factor c-Jun to the ATF4 

promotor region [206]. As well, the regulatory kinase mTORC1 has also been suggested to be 

associated with upregulating the transcription of ATF4 in response to mitochondrial dysfunction, 

as such regulation was impaired with the mTORC1 inhibitor rapamycin [207]. Indeed, further 

work elucidating the transcriptional regulation of ATF4 must be conducted in response to stress 

conditions, such as with mitochondrial dysfunction and exercise.  
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Figure 2. Structure of the ATF4 protein.  A schematic illustration of the 351 amino acid (AA) 
structure of ATF4. The N-terminal consists of the transactivation domain (TAD), which contains 
various interaction domains and sites for post-translational modifications, including 
phosphorylation, acetylation, ubiquitination, and hydroxylation, which alters the protein 
stabilization or degradation of ATF4. The C-terminal consists of the bZIP domain, comprised of 
the basic region and the leucine zipper, which mediates DNA binding and dimerization (protein-
protein interactions) with other family transcription factors (bZIP).  
 

3.1.1.1. ATF4: A Regulator of Gene Expression 

During the onslaught of mitochondrial stress, the ISR induces the activation of ATF4, which 

is subsequently capable of alleviating organelle perturbations by upregulating a myriad of nuclear 

encoded protective genes [179, 193, 194, 208, 209]. Mitochondrial stress, such as with reductions 

in mitochondrial membrane potential, inhibition of OXPHOS functioning, attenuations in 

mitochondrial translation, hinderance in protein import, and protein misfolding/proteotoxicity, 

lead to an ATF4 mediated regulation of transcriptomic, proteomic, and mitochondrial metabolic 

adaptations [210]. In various tissues, ATF4 is responsible for upregulating necessary 

mitochondrial genes related to serine biosynthesis, one carbon metabolism, amino acid synthesis 

and transport, protein folding and handling, and antioxidant capacity [211-214]. Additionally, 

ATF4, along with its notable downstream targets, the transcription factors ATF5 and CHOP, which 

also play a role in further enhancing the mitochondrial stress response via the UPRmt, discussed in 

a later section, upregulate the expression of mitochondrial chaperones, proteases and enzymes 
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required for proper organelle function and homeostatic maintenance [177, 215-218]. When 

examining the importance of ATF4 in maintaining mitochondrial health, it was found that the 

absence of ATF4 in HeLa cells lead to severe decrements in the expression of several 

mitochondrial enzymes and ATP-dependent respiration [210]. In a muscle-specific context, recent 

work from our laboratory in C2C12 myotubes has shown that ATF4 is an early responder to 

contractile activity and is a critical factor in enhancing mitochondrial networking, protein 

handling, and capacity for the clearance of dysfunctional organelles under acute contractile activity 

stress [219]. Furthermore, ATF4 was shown to be induced in the early stages of mitochondrial 

adaptations following repeated bouts of contractile activity in myotubes and was capable of 

regulating genes associated with both mitochondrial biogenesis and autophagy, such as PGC-1𝛼, 

p62 and LC3, respectively [149, 220, 221]. The overexpression of ATF4 in myotubes basally 

improves mitochondrial oxygen consumption rates, are better equipped to match the new energy 

demand during contractile activity and display lower reactive oxygen species production [219]. 

Conversely, the knockdown of ATF4 severely blunts basal mitochondrial respiration rates, and 

concomitantly increases the production of ROS [219]. Altogether, these findings demonstrate that 

ATF4, induced via the ISR following mitochondrial insults, serves to maintain overall 

mitochondrial health, network quality and beneficial/necessary adaptations required in the face of 

organellar stress. However, these mechanisms of mitochondrial regulation have not yet been fully 

elucidated in vivo, basally, and with respect to exercise-induced mitochondrial stress. Indeed, 

research on this transcription factor is on the rise in hopes of characterizing the precise mechanism 

of its activity in maintaining skeletal muscle mitochondrial quality during organelle stress, such as 

with exercise and disuse.   
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It should be noted that ATF4 is also capable of regulating a plethora of additional genes 

dependant on the type, intensity and duration of stressors related to cell survival and apoptosis in 

other cellular compartments, as well as muscle atrophy [197]. For example, ATF4 can induce the 

expression of genes that are important for cell survival in the context of ER misfolded proteins, 

such as the chaperone BiP, as well as the stress-induced genes ChaC1 and CTH, by 

heterodimerizing with C/EBP𝛾 [222, 223]. On the other hand, if the stressor chronically persists 

and ATF4 is over-activated, the expression of pro-apoptotic genes, such as PUMA and NOXA, as 

well as autophagy-related genes, are enhanced [224]. Furthermore, in skeletal muscle, over a 

decade of research has elucidated that ATF4 plays a role in mediating age-related and disuse-

induced muscle atrophy [193, 225]. This muscle specific outcome is mediated by the heterodimer, 

consisting of ATF4 and C/EBP𝛽, which enhances the expression of growth arrest and DNA 

damage inducible α (Gadd45a) and p21, known proteins responsible for inducing muscle atrophy 

[226, 227]. With chronic muscle disuse, ATF4 expression was observed to be increased, 

suggesting its contribution to the changing muscle phenotype [228]. When ATF4 is knocked down 

in either aged animals or those subjected to prolonged muscle disuse, muscle atrophy is attenuated, 

however, when overexpressed, the progression of atrophy is enhanced [229, 230]. Nonetheless, 

such evidence and regulatory effects on a wide array of genes further illustrates how different 

stress signals can generate unique expressional responses, thereby suggesting that the effect of 

ATF4 and downstream consequences are highly context dependent.  

3.1.2. ISR Activation in Response to Mitochondrial Stress 

As alluded to in the previous section, evidence has shown that the ISR is activated following 

a wide range of mitochondrial stressors to maintain mitochondrial quality and functioning, 
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however the major open question that remains to be fully explored is how this stress is sensed and 

translated into an ATF4 mediated cytoprotective response [179, 210].  

Multiple mechanisms have partially established that mitochondrial stress activates the ISR 

kinases, GCN2, HRI, and PKR, but not PERK, which can evidently trigger a mitochondrial-

specific response to alleviate that initial perturbation [179, 210, 231] (Fig. 3). In particular, GCN2 

is known to respond to amino acid deprivation and increases in reactive oxygen species (ROS) 

which are insults that are generated by oxidative phosphorylation (OXPHOS) complexes under 

stress [231-236]. However, the precise mechanism of GCN2 activation is still uncharacterized. 

Conversely, HRI is responsive to mitochondrial stress through a newly explored pathway, which 

involves the mitochondrial stress responsive protease OMA1, and the mitochondrial protein 

DELE1 [237, 238]. Mechanistically, the OMA1 protease is dormant under physiological 

conditions but is rapidly activated upon mitochondrial stress, such as with a loss of membrane 

potential or excessive reactive oxygen species [239, 240]. Upon mitochondrial stress, OMA1 will 

interact with DELE1 and cleave it into short peptide fragments, identified as S-DELE1 [241]. 

These fragments will then be exported out of the mitochondria in an unknown mechanism where 

they will accumulate in the cytosol [237, 238]. This accumulation will ultimately lead to the 

interaction between S-DELE1 and HRI via the N-terminal tetranucleotide repeats present in S-

DELE1, which mediates protein–protein interactions and thus the autophosphorylation and 

homodimerization of HRI [242]. Lastly, PKR has been associated with responding to 

mitochondrial proteotoxicity/protein misfolding, however such a relationship requires further 

substantial evidence [243]. Activated PKR not only phosphorylates eIF2𝛼, but also JNK2, 

resulting in the activation of the transcription factor c-Jun, which mediates the expression of further 

cytoprotective genes [243]. Nonetheless, once the three kinases have undergone activation in 
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response to mitochondrial stress, they will thereby induce eIF2𝛼 phosphorylation, which leads to 

a subsequent upregulation in ATF4 expression. This trigger will ultimately dictate the nuclear 

translocation of ATF4 to enhance the expression of genes associated with restoring mitochondrial 

function and homeostasis.  

3.2. The Mammalian Mitochondrial Unfolded Protein Response (UPRmt)  

The second mitochondrial stress response pathway that has been identified as a critical 

mediator of mitochondrial quality control is the UPRmt, which is an adaptive transcriptional 

program that aims to maintain mitochondrial homeostasis during dysfunction or instances of 

cellular stress [244]. The UPRmt was initially characterized in mammalian cells, however, 

advances in the mechanism of this response pathway were greatly explored and elucidated in C. 

elegans [245]. This response pathway, as its name suggests, has evolved over time to maintain 

optimal mitochondrial functioning since mitochondria greatly rely on the import of nuclear-

derived mitochondrial proteins [246, 247]. Thus, this pathway regulates the folding, and quality 

control of the mitochondrial proteome. Evidence has now indicated that the UPRmt protects cells 

from stressors including OXPHOS dysfunction, ATP depletion, and reductions in the 

mitochondrial inner membrane potential [248]. The UPRmt is thereby suggested to be an 

intermediary mechanism in maintaining mitochondrial quality and a first responder to 

mitochondrial insults. Similar to the ISR, if mitochondrial stress cannot be alleviated, in instances 

of chronic dysfunction, mitophagy is activated to eliminate the dysfunctional organelles, and in 

severe cases, apoptosis/cell death occurs [249]. With this being said, it is still apparent that the 

precise mechanisms of the mitochondrial UPRmt activation and downstream consequences in 

mammalian cells are largely unknown, however a handful of studies have attempted to reveal these 

responses during a wide array of stressors. In early work, depleting cells of mtDNA and inducing 
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heat shock enhanced the expression of the stress-responsive chaperones HSP60/10 and proteases 

ClpP, YME1L1 and LonP, which are now known markers of the mammalian UPRmt [245]. In 

terms of the main regulator of the UPRmt, initially, work in C. elegans identified the stress activated 

transcription factor (ATFS-1) as the main mediator of such response, however, in mammals the 

transcription factor ATF5 was established to be the mammalian homolog to ATFS-1 [217]. This 

identification was based off the restoration of mitochondrial function in ATFS-1 KO C. elegans 

upon the exogenous expression of ATF5 [217]. It has since been acknowledged that ATF5, like 

ATFS-1, contains both a bZIP domain and a mitochondrial targeting sequence, allowing both its 

nuclear and mitochondrial localization, dictated by the presence of mitochondrial stress [217, 246]. 

However, more recent work has demonstrated that ATF5 alone is not sufficient to induce the 

UPRmt and upregulate the necessary cytoprotective genes to relieve mitochondrial stress. 

Consequently, ATF5 requires the cooperation with ATF4 and CHOP to induce a mitochondrial-

specific response, thereby deeming all three factors as plausible “master regulators” of the UPRmt 

(Fig. 3) [247]. This regulation was elucidated through global transcriptomic analyses which 

identified that all three transcription factors contain binding motifs in the promotor regions of 

numerous UPRmt responsive genes that are induced by mitochondrial dysfunction [250]. These 

findings were further confirmed with gene expression analysis in both human and mouse tissues 

[250]. Although each of these transcription factors have been implicated in promoting transcription 

of genes required to overcome mitochondrial dysfunction, it is unclear how they function in 

concert.  It has been revealed that under stressful conditions, ATF4 operates upstream of CHOP 

and ATF5 [251, 252]. However, the exact mechanism and relationship of how these transcription 

factors impart their transcriptional control remains to be fully elucidated.  
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3.3. Interconnecting the UPRmt and the ISR During Mitochondrial Stress 

Research of the mammalian UPRmt has recently highlighted the importance of the ISR and 

its subsequent activation during mitochondrial stress. Numerous reports have demonstrated that 

the increased phosphorylation of eIF2α and thereby induction of the ISR during mitochondrial 

stress enables the preferential translation the newly appointed master regulators of the UPRmt, 

ATF4, CHOP, and ATF5 (Fig. 3) [251-253]. Such regulation is necessary as all three transcription 

factors contain inhibitory uORFs upstream of their coding sequence, thus their expression is reliant 

on the alternative translation that occurs following TC inhibition [252, 254]. These findings make 

it clear that the UPRmt in mammals is possibly dependent on the ISR and requires such translational 

regulation to enhance the availability of the master regulators. On the other hand, notably in C. 

elegans, the ISR has been shown to be dispensable for UPRmt induction [232]. Evidence has also 

shown that activation of the UPRmt can also lead to a mild increase in eIF2α phosphorylation, 

however the precise mechanism or inductee responsible for such regulation is still unknown [250, 

255]. Thus, there seems to be a plausible crosstalk or overlap between these two stress response 

pathways following mitochondrial perturbations, however, major questions remain unsolved: 1) 

which stress response pathway is activated first? 2) does one response enhance the activation of 

the other, as previously alluded to, 3) how does the cross talk between these stress response 

pathways contribute to maintaining organellar health, and 4) is there an overlap with the protective 

genes being expressed? Nonetheless, it will be interesting to understand how these responses 

coordinate to promote mitochondrial health and beneficial adaptations in muscle. 
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Figure 3. Interconnecting the Integrated Stress Response and the UPRmt during 
mitochondrial stress. A) Mitochondrial proteotoxicity, ROS accumulation and transient 
reductions in mitochondrial membrane potential activate the upstream ISR kinases, GCN2, HRI, 
and PKR, but not PERK, which converge on the 𝛼-subunit of the eIF2 complex and induce its 
phosphorylation. Once eIF2𝛼 is phosphorylated, it undergoes profound structural changes leading 
to the inhibition of eIF2B and its nucleotide-exchange of GDP for GTP, thereby preventing the 
formation of the ternary complex (TC) and thus global 5’cap-dependent translation. Under basal 
conditions, the TC begins scanning at the upstream open reading frames (uORFs) 1 and 2 of the 
ATF4 mRNA. In particular, the uORF2 is the inhibiting uORF as it prevents the re-initiation of 
the ribosome at the ATF4 coding DNA sequence (CDS) and thus its translation. When the TC is 
inhibited or unable to form, it allows for longer ribosomal scanning along the ATF4 mRNA, 
skipping the uORF2 and allowing for re-initiation at the ATF4 CDS, increasing the translation of 
ATF4. Once ATF4 is translated, it will translocate to the nucleus where it can form heterodimers 
to induce the expression of CHOP, ATF5 and ISR adaptive genes to combat the initial 
mitochondrial stressor and restore mitochondrial function/homeostasis. B) In addition to the 
Integrated Stress Response, the UPRmt is activated in conjunction to enhance the protection of 
mitochondrial function. In response to the protein overload seen with proteotoxicity, as described 
previously, mitochondrial chaperones and proteases can block the import of mitochondrial 
proteins, such as ATF5, thus promoting the translocation of ATF5 to the nucleus instead of the 
mitochondrial matrix. The ISR mediated activation of ATF4 also promotes the expression of 
downstream targets ATF5 and CHOP, in which all three factors cooperate together and are thus 
capable of regulating and enhancing the expression of cytoprotective genes to combat the initial 
stressor and restore mitochondrial function.  
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RESEARCH OBJECTIVES:   

Based on the literature cited above, the objectives of my thesis were to:  

1. Assess the effect of brief, acute contractile activity on the activation of the ISR through 

observing the protein expression of early signaling events and eIF2𝛼 phosphorylation; 

2. Elucidate the mechanism of ATF4 activation in response to mitochondrial stress after an 

acute bout of contractile and following recovery; 

3. Determine if the activation of ATF4 coincides with the upregulation of downstream 

cytoprotective genes, CHOP and ATF5; 

4. Identify whether ATF4 translocates to the nucleus upon acute exercise-induced stress.  

 
HYPOTHESES: 

We hypothesized that:  

1. The acute contractile activity will induce mitochondrial stress and elicit the early stages of 

ISR activation; 

2. ATF4 will be responsive to the acute contractile activity-induced stress at both the mRNA 

and protein level, which will be enhanced following recovery; 

3. Both the expression of CHOP and ATF5 will consequently be upregulated following the 

activation of ATF4;  

4. Contractile activity will stimulate the nuclear translocation of ATF4. 
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ABSTRACT 
 
Skeletal muscle relies on mitochondria to produce energy and support its metabolic flexibility. The 

mitochondrial pool is regulated by the quality control (MQC) processes biogenesis and mitophagy. 

In the face of stress, mitochondria can initiate a transient retrograde signal termed the integrated 

stress response (ISR) to the nucleus, inducing a cytoprotective transcriptional program to maintain 

organellar homeostasis. The transcription factor ATF4, the main effector of the ISR, ameliorates 

cellular stress by upregulating cytoprotective genes, such as CHOP and ATF5. It is not yet 

established whether the ISR is activated by acute contractile activity.  To investigate this, a mouse 

in situ hindlimb muscle protocol was utilized to stimulate muscles at 0.25-1 tetani/per second for 

9 mins, followed by a 1-hour recovery period. We observed robust 2-fold increases in the mRNA 

expression of ATF4 and CHOP. These increases were further enhanced following the recovery 

period, independent of transcriptional activation, as assessed using an ATF4 promoter-reporter 

plasmid. An in vitro assessment of ATF4 RNA decay revealed that acute contractile activity 

enhanced ATF4 transcript stability by reducing its rate of decay by 3-fold. Contractile activity also 

increased ATF4 localization to the nucleus by 2.5-fold, while total ATF4 protein content remained 

unchanged. The initial stages of ISR activation, assessed via eIF2α phosphorylation, were 

increased by 2-fold during the recovery phase following contractile activity. Our data indicate that 

acute contractile activity initiates processes that promote ISR activation at an early stage during 

exercise-induced mitochondrial stress and leads to the activation of ATF4.  
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INTRODUCTION  

Skeletal muscle, which accounts for approximately 40% of human body mass, has a critical 

role in facilitating locomotion, energy expenditure and metabolic homeostasis [1]. To maintain 

tissue function and health in response to altered external stressors, skeletal muscle must adapt and 

modify its cellular, metabolic, and phenotypic attributes accordingly [2, 3]. This plasticity is a 

consequence of the highly adaptable mitochondrial reticulum and its capacity to optimize network 

functioning, whilst maintaining optimal health in response to demanding requirements, such as 

with exercise [4]. It has been well established that exercise elicits various beneficial physiological 

adaptations, such as mitochondrial reticulum remodeling, a process mediated largely by biogenesis 

(synthesis) and mitophagy (breakdown), to enhance overall muscle health and function [5-7].  

Mitochondria are notorious for their ability to generate energy-rich ATP through aerobic 

respiration [8]. However, it is now acknowledged that these organelles are also major signaling 

hubs that are capable of continuously communicating with the nucleus to initiate “retrograde” 

signals and maintain optimal functioning [9-11]. This coordination is critical as a majority of the 

mitochondrial proteome (~99%), and thus OXPHOS complex components, are encoded with the 

nuclear genome, whereas the remainder (~1%) are mitochondrially-derived [12]. The expression 

of both genomes and their protein products must be tightly regulated, most predominantly during 

instances of reticulum remodelling, such as with biogenesis, to ensure proper protein homeostasis 

(proteostasis), complex assembly and mitochondrial functioning [4, 13]. Consequently, 

mitochondria possess a robust intrinsic protein quality control system, mediated by resident 

proteases and chaperones, to maintain this dual-genomic balance [14]. In the face of mitochondrial 

stress, distinct mito-nuclear signals induce a biphasic response to activate transcriptional nuclear 

cytoprotective adaptations and restore organelle network homeostasis and functioning [10, 14]. 
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This  mitohormesis cross-talk is thus a crucial facet of the mitochondrial quality control (MQC) 

system that acts as an intermediary “defense” mechanism to help maintain organellar health.  

During the onset of contractile activity, early cellular signaling events are initiated in 

response to metabolite and reactive oxygen species (ROS) accumulation [8, 15-17]. These 

signaling cascades converge on the coactivator PGC-1α to promote mitochondrial biogenesis and 

increase the nuclear transcription of genes encoding mitochondrial proteins (NuGEMPs), which 

require directed import into the organelle through the protein import machinery (PIM) [18-20]. 

However, unaccustomed exercise may elicit mitochondrial stress via accelerations in the rate of 

biogenesis, mitochondrial protein import and transient mito-nuclear proteome imbalances, which 

consequently overwhelms the intrinsic protein quality system, enhances protein 

misfolding/proteotoxicity, elevates the production of ROS, and thus leads to reductions in the 

functional capacity of the mitochondrial network [21-23]. Such exercise-induced mitochondrial 

stress has been theorized to acutely activate retrograde signaling responses in an attempt to resolve 

organelle perturbations and enhance mitochondrial network functioning.  

In mammals, it has been recently elucidated that the Integrated Stress Response (ISR), an 

elaborate signaling pathway that is activated during a wide range of physiological changes and 

pathological conditions, is highly responsive to a broad range of mitochondrial stressors and is 

thus a primary component of the mitohormetic response [24-31]. In the context of mitochondrial 

stress, the ISR is initiated by the phosphorylation of Serine-51 on the ribosomal eIF2a subunit, 

[24-31]. This phosphorylation event is catalyzed by the eIF2𝛼 kinases, General Control Non-

derepressible 2 (GCN2), Heme-Regulated Inhibitor (HRI), and Protein Kinase RNA activated 

(PKR) in response to excessive mitochondrial ROS production and misfolded/unfolded protein 

aggregates [31-33]. In this regard, the ISR thereby serves as a hallmark response to mitochondrial 
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stress by attenuating global protein synthesis, whilst simultaneously selectively upregulating the 

translation of mRNAs containing upstream inhibitory open reading frames (uORFs), such as its 

main effector, the transcription factor ATF4 (Activating transcription factor 4/CREB2), to induce 

a robust mito-nuclear response [24-33].  

ATF4, a basic leucine zipper (bZIP) transcription factor, is highly responsive to 

mitochondrial insults, and is capable of regulating gene expression due to its high DNA binding 

affinity and heterodimerization compatibility [34, 35]. Generally, ATF4 is constitutively expressed 

in all tissues, and is known to be implicated in regulating a plethora of cellular events such as one-

carbon metabolism [36], tumorigenesis [37], apoptosis [38], and muscle atrophy [39]. In a 

mitochondrial specific context, ATF4 is capable of alleviating organelle perturbations by 

upregulating a myriad of mitochondrial protective genes related to amino acid synthesis and 

transport, protein folding and handling, and antioxidant capacity [40-43]. Multiomics data has also 

suggested that ATF4 can upregulate the transcription factors ATF5 and CHOP, in which all three 

factors work in concert to further enhance the mitochondrial cytoprotective stress response [44].  

Early work from our laboratory has demonstrated that ATF4 is a potent responder to 

contractile activity and is a critical factor in enhancing mitochondrial adaptations under acute 

contractile activity induced stress [45-47]. Although evidence has suggested the role of ATF4 in 

maintaining mitochondrial health and function in response to exercise-induced stress, no work has 

focused on elucidating the precise signaling events that induce the activation of the ISR, ATF4, 

and the plausible downstream consequences following acute contractile activity. Therefore, our 

objectives were to: 1) evaluate the effect of acute contractile activity on the activation of the ISR, 

and 2) elucidate the mechanism of ATF4 activation and response to mitochondrial stress after an 

acute bout of exercise and following recovery.  
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METHODS 

Animals. Wild-Type male mice on a C57BL6/N background, were housed in a 12:12-hr 

light–dark cycle and given food and water ad libitum. Experiments were conducted after approval 

by the York University Animal Care Committee in accordance with Canadian Council of Animal 

Care guidelines. Experimental animals were used at 4-8 months of age and separated into either 

Control (Con), stimulated/acute contractile activity (Stim), or stimulated with recovery 

(Stim+Rec) (n=6–39/group).  

Acute in-situ muscle contractile activity protocol. Animals were anesthetized under 

isoflurane inhalation with oxygen, and the right hind limb gastrocnemius muscle and innervating 

sciatic nerve was exposed, isolated, and doused in 0.9% saline. The Achilles tendon was tied to a 

hooked pin and attached to a force transducer (Grass FT 10; Grass Instruments, Quincy, MA). The 

right leg was fastened in a stabilizing clamp, at resting length, below the gastrocnemius. 

Stimulating electrode prongs were placed near the insertion of the gastrocnemius and the isolated 

sciatic nerve was placed on the prong electrodes securely. A thermistor was utilized and inserted 

in the body of the gastrocnemius to monitor muscle temperature which was maintained at ~37°C 

with an adjustable heat lamp. Warmed saline was used to douse the sciatic nerve and gastrocnemius 

periodically, and plastic wrap was placed over the working muscle and nerve to maintain constant 

temperature and moisture. Data were recorded using PowerLab/4SP and visualized in real time on 

Chart5 software (ADInstruments, Colorado Springs, CO). A length-tension curve was performed 

to determine optimal resting muscle length to elicit maximal contraction. Briefly, resting tension 

was initially pre-set to ~40-50g at the start of the protocol, followed by 3 successive maximal 

tetanic contractions to determine the optimal resting muscle length. Immediately after, submaximal 

(twitch) force production was determined by stimulating the sciatic nerve using three single shocks 
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(0.1 ms, 10V). This was followed by a contractile activity stimulation period of 9 mins where the 

muscle was stimulated via the sciatic nerve at 0.25, 0.5 and 1 tetanic contractions per second (TPS, 

100ms, duration at 100Hz) consecutively for 3 mins each to induce moderate and more severe 

muscle fatigue, respectively. The gastrocnemius, TA, EDL, and soleus muscles of the stimulated 

limb were harvested and weighed, to be used immediately in subcellular fractionation or to be flash 

frozen in liquid nitrogen and stored at -80°C for subsequent use in further experiments. The 

animals separated into the recovery group were maintained under anesthesia following the 

contractile activity protocol to allow for 1 hour of quiet muscle recovery. During the recovery 

period, muscle temperature and hydration were also maintained continually. This was followed by 

muscle harvest, as previously described. The gastrocnemius, TA, EDL, and soleus muscles from 

the contralateral control (non-stimulated) limb were excised at the same time as the 

stimulated/recovery muscle groups. All animals were sacrificed by cervical dislocation 

immediately after tissue harvest.  

RNA isolation and reverse transcription (cDNA). The gastrocnemius muscle was used for 

RNA isolations. Approximately 30-60 mg of lysed muscle tissue was combined with TRIzol® 

reagent (15596018, Life Technologies, Carlsbad, CA, USA) and mixed with chloroform 

vigorously. Samples were centrifuged at 16,000g for 15 minutes at 4°C. The resultant upper 

aqueous phase was transferred into a new sterile Eppendorf, mixed with isopropanol, and placed 

overnight at -20°C to allow for precipitation. After the precipitation process, samples were once 

again centrifuged at 16,000g for 10 minutes at 4°C. The resulting supernate was discarded, the 

pellet was lightly washed in 700μl of 75% Ethanol, and centrifugated once more at 16,000g for 10 

minutes (4°C).  The supernate was discarded, and the pellet was resuspended in 30-50μl in sterile 

H2O. The purity and concentration of RNA for each sample were accessed using the NanoDrop 
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2000 (Thermo Fisher Scientific, Waltham, MA, USA).  cDNA was synthesized from 1-1.5μg of 

total RNA into a final volume of 20μl of workable cDNA via the use of Superscript III reverse 

transcriptase and Oligo(dt)20 (Invitrogen, 18,418,020).   

  Quantitative Real-time PCR to measure mRNA expression.  Primers for the target genes 

ATF4, CHOP, ATF5 and PGC-1𝛼, were used to measure mRNA expression via the 7500 Real-

Time PCR system (Applied Biosystems Inc., Foster City, CA, USA). The master mix for each 

target gene consisted of SYBR Green qPCR Master Mix (04913850001, Millipore-Sigma; Roche), 

forward and reverse primers specific to the gene of interest (GOI), and sterile H2O. For each 

respective primer, 23μl of MasterMix was incubated with 2μl of cDNA, to obtain a final reaction 

volume of 25μl per well of the 96-well plate. The housekeeping genes used were GAPDH and β-

2 microglobulin which were used to normalize gene expression. All samples were run in duplicate. 

Primer optimizations were run prior to experimental plates to control for primer dimers and 

nonspecific amplification via the analysis of the melt curves generated by the instrument.  

  Real-time PCR mRNA quantifications. Transcript expression (mRNA levels) was 

quantified using the 2–ΔCt method. Briefly, ∆Ct values for each gene were obtained by determining 

the average cycle threshold (Ct) value of both housekeeping genes subtracted from the Ct value of 

the gene of interest (GOI) for each sample. Results are reported as the fold-change in each 

experimental and control group using the ∆Ct method, calculated as 2-∆Ct. 

Whole muscle protein extracts. A portion of the gastrocnemius muscle was snap frozen in 

liquid nitrogen following excision from the animal and stored at -80°C. The tissue (~10-20mg) 

was diluted 10-fold and homogenized in Sakamoto buffer (20mM HEPES, 2mM EGTA, 1% Triton 

X-100, 50% Glycerol, 50 mM B-Glycerophosphate) containing both phosphatase (Millipore-

Sigma) and protease (Roche Mississauga, ON, Canada) inhibitors using the Qiagen Tissue Lyser 
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II. Samples were centrifuged (14,000g) for 15 minutes at 4°C. The supernatant fraction was 

collected and stored at -80°C until further analysis. 

Nuclear and cytosolic fractionation. Nuclear and cytosolic fractions were prepared from 

~40mg of freshly harvested gastrocnemius from control and experimental groups using NE-PER 

Extraction Reagents (38835, Thermo Fisher Scientific) supplemented with phosphatase and 

protease inhibitors. Following extraction, the tissue was placed in ice cold PBS, with the 

corresponding phosphatase and protease inhibitors, for 20-30 minutes. The tissue was then minced 

on ice and homogenized in CER-I using a Dounce homogenizer. Homogenates were then left to 

stand on ice for 10 minutes. Following the addition of the appropriate proportion of CER-II, 

samples were briefly vortexed and centrifuged at 16,000g for 10 minutes at 4°C. The cytosolic 

fraction (supernatant) was immediately collected. The remaining pellets, containing nuclei and 

cellular debris, were washed 3 times in ice-cold 1x PBS and subsequently resuspended in NER. 

The pellets were sonicated 3 times for 3 seconds and incubated on ice for 40 minutes. During the 

incubation period, the samples were briefly vortexed every 10 minutes. Following incubation, the 

samples then underwent centrifugation at 16,000g for 10 minutes. The resulting supernatants 

(nuclear fractions) were collected.  Both cytosolic and nuclear subfractions were stored in -80°C 

until further analysis. 

Protein concentration. The Bradford protein assay was used to determine the protein 

concentration of whole muscle (Gastrocnemius) and subcellular fractionation samples. Briefly, a 

standard curve to determine protein concentrations was created using bovine serum albumin 

(2mg/ml) in combination with double distilled water. Protein extracts from each sample were 

mixed with double-distilled water and analyzed in comparison with the standard curve using a 

Bio-Tek Citation 5 micro plate reader. 
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In vitro mRNA decay assay. Total RNA (35 μg), derived from the gastrocnemius muscle of 

control mice was combined with 20 μg of S15 cytosolic extracts from the control or the acutely 

stimulated (with no recovery) gastrocnemius muscle. Briefly, the S15 extracts were derived from 

the cytosolic fractions previously isolated using the NE-PER Kit and were subjected to 

centrifugation for 15 minutes at 15,000g (4°C). The resulting supernate (post-mitochondrial S15 

extract) was transferred into a sterile 1.5ml Eppendorf. To allow for assessment of the degradation 

of RNA within the incubated tubes as a percentage of the original RNA content, in the absence of 

cytosolic proteins, a tube containing 35 μg of RNA and 5 μl of sterile homogenization buffer 

(CERI) in a 100-μl reaction volume served as a baseline measure at time 0. Reaction volumes were 

set at 100 μl, and samples were incubated at 37°C for 30, 60 and 90 minutes. At the completion of 

each incubation time point, TRIzol® was added to each sample and shaken vigorously to halt 

mRNA degradation. Total RNA was then reisolated using the extraction procedure as previously 

described. The reisolated RNA was pelleted overnight at -20°C, washed, dried, and resuspended 

in sterile water, as described previously. The purity and concentration of RNA for each sample 

were accessed using the NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). cDNA 

was generated and real-time PCR was conducted, as previously described, to examine the rate of 

mRNA decay, presented as the percentage of ATF4 mRNA at t=0, normalized to GAPDH. 

Immunoblotting. Whole muscle protein extracts prepared from a portion of the 

gastrocnemius and isolated subfractions were loaded (30-35µg of protein) on 8-15% SDS-PAGE 

gels for separation and subsequently transferred onto nitrocellulose membranes (Bio-Rad, 

Mississauga, ON, Canada). After the transfer process, the membranes were stained with Ponceau 

Red, and agitated for ~3 minutes. The membranes were imaged with Ponceau briefly using the 

Invitrogen iBright 1500 imager, and then were cut at the appropriate molecular weights. After the 
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membranes were briefly washed with TBS-T solution (Tris-buffered saline–Tween-20: 25 mM 

Tris–HCl, pH 7.5, 1 mM NaCl and 0.1% Tween-20), they were blocked at room temperature in 

5% skim milk or 5% BSA for phosphorylated proteins (in TBS-T solution) for one hour to prevent 

non-specific protein binding. The membranes were then incubated overnight at 4°C in blocking 

solution with the appropriate antibodies. Subsequently, membranes were then washed 3x for 5 

minutes with TBS-T, followed by incubation of the appropriate secondary antibody conjugated to 

horseradish peroxidase at room temperature (1 hr), and washed again 3x for 5 minutes each with 

TBS-T. Membranes were imaged using an ECL kit (170-5061; Bio-Rad) on the Invitrogen iBright 

1500 imager and revealed using the enhanced chemiluminescence method. Quantifications were 

performed with ImageJ software (the National Institutes of Health, Bethesda, MD), and values 

were normalized to Ponceau. The approximate molecular weights in kDa (kilodaltons) of proteins 

are indicated on each blot. 

ATF4 promoter plasmid amplification and isolation. A custom ATF4 promoter-reporter 

lentiviral vector expressing Firefly Luciferase (C449) was purchased from Applied Biological 

Materials Inc. (ABM, Richmond, Canada), which contained 1.5-Kb of the mouse ATF4 promoter 

region. The plasmid vector (1𝜇l) was transformed using competent E.coli cells, which were heat-

shocked at 42°C for 30 seconds and subsequently placed on ice for 5 minutes to facilitate plasmid 

uptake. Following, outgrowth media was supplemented into the E.coli and plasmid mixture, which 

was then incubated at 30°C for 1 hour on a shaker plate (250rpm). The mixture was then 

subsequently inoculated on agar plates with the appropriate antibiotic (Kanamycin-KAN201.10; 

BioShop) to undergo amplification and isolation via a HiSpeed Plasmid Maxi Prep Kit (12663; 

Qiagen) for electrotransfection experiments. The ATF4 vector was cotransfected with pRL-CMV 

to serve as a loading control and to correct for transfection efficiency. 
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Intramuscular DNA plasmid injection and electroporation. The lower hindlimbs of 

experimental mice were shaved and sterilized prior to the plasmid injection. Approximately 30 μl 

of the plasmid solution (containing 50μg of the ATF4-pGL3 and 1μg of pRL-CMV to normalize 

for electrotransfection efficiency in 0.9% sterile saline solution) was injected into the 

gastrocnemius muscle of both hindlimbs using a short 29-gauge insulin syringe (BD Ultra-Fine). 

Immediately after the DNA injection, twenty transcutaneous electrical pulses (100 V/cm2) were 

applied to the muscle with forcep-style electrodes (Tweezertrodes) using an ECM 380 BTX 

electroporation system (Harvard Apparatus, Saint-Laurent, QC, Canada) to facilitate uptake of the 

construct into the muscle. Anode and cathode electrode orientation were reversed after 10 pulses 

(100 V/cm, 20 ms, 1 Hz per pulse). Conductive gel was applied to the electrodes to assist with 

transfection. The animals were given 7 days for gene amplification before the in situ contractile 

activity protocol. All muscles were then powdered at the temperature of liquid nitrogen until used 

in the luciferase reporter assay. 

Luciferase reporter assay. Approximately 30 mg of powdered gastrocnemius muscle was 

diluted in 1× Passive Lysis Buffer (Promega) fivefold on ice. The sample was sonicated on ice for 

3 × 3 seconds, vortexed briefly, subsequently spun in a microfuge at 4°C for 10 min at 16,100g, 

and the supernatant was collected. Using a 96-well plate, 20µl of 1x passive lysis buffer and the 

experimental samples were plated accordingly (in triplicate) and readings of firefly and renilla 

luciferase were measured using the Dual-Luciferase Reporter Assay System (E1910; Promega). 

Briefly, 100 µl of luciferase substrate was dispensed into each well, followed by the lysis buffer 

or sample to read the appropriate firefly luciferase activity. This was followed by the addition of  

100µl of renilla substrate into each well to measure renillia activity, thereby producing a Dual-
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Glow value. Both firefly and renllia luciferase values were averaged, and firefly luciferase values 

were corrected for renilla to control for transfection efficiency. 

Statistics. Data were analyzed using the GraphPad Prism 9.0 software and values are 

reported as means ± SD. Student's paired t-test was employed to assess differences between 

conditions (Con vs. Stim) for the Luciferase experimentation. A One-Way ANOVA was performed 

to evaluate the differences between Control, Stimulated and Stimulated+Recovery groups. A Two-

Way ANOVA was performed to evaluate the nuclear and cytosolic distribution of ATF4 in response 

to stimulation. A Tukey’s post-hoc test was used where applicable. Non-Linear Regression 

Analysis was used for the mRNA decay assay. Statistical significance was achieved at P ≤ 0.05.  

Table 1. List of antibodies used for immunoblotting.  

Antibody Manufacturer Catalog No. Molecular Weight 
(kDa) 

ATF4 (CREB-2) Santa Cruz 
Biotechnology sc-390063 50 

ATF5 Abcam Ab60126 31 

𝛼-Tubulin Millipore-Sigma CP06-
100UG 60 

CHOP Cell Signaling 2895S 27 
T-eIF2𝛼 Cell Signaling 9722S 37 

P-eIF2𝛼 (S51) Invitrogen 44728G 37 

P/T-HRI Santa Cruz 
Biotechnology sc-365239 71-100 

H2B Cell Signaling 2934S 15 
T-SAPK/JNK Cell Signaling 9252T 37-54 

P-SAPK/JNK (Thr183, 
Tyr185) Cell Signaling 4668S 37-54 

T-CaMKII-𝛼 Cell Signaling  3362S 50 
P-CaMKII-𝛼 (Thr286) Cell Signaling 3361S 50 

T-p38 MAPK Cell Signaling  9212S 40 
P-p38 MAPK 

(Thr180/Tyr182) Cell Signaling  9211S 43 

T-AMPK Cell Signaling 2532S 62 
P-AMPK (Thr172) Cell Signaling  2535S 62 
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Anti-Mouse  
HRP-linked 2° Cell Signaling 7076S - 

Anti-Rabbit  
HRP-linked 2° 

Cell Signaling  7074S - 

 
Table 2. List of primer oligonucleotide sequences used in real-time quantitative PCR analysis for 
Mus musculus.  

 
RESULTS 
 
Acute in situ contractile activity elicits muscle fatigue. To examine the molecular signaling events 

that govern the transient activation of the ISR and thus ATF4 in response to acute contractile 

activity, we utilized a 9-minute (acute) stimulation protocol (Figure 1A, 1B) to induce 

moderate/severe muscle fatigue and cellular stress. We evaluated the force produced as a percent 

of initial force production (% of initial force), at three different time points, corresponding to the 

changes in TPS during the 9-minute protocol. We observed a main effect of stimulation (P<0.0001) 

in the overall muscle force production at 3, 6 and 9 minute timepoints, which displayed progressive 

and more severe reductions in force generation (i.e., fatigue) throughout the protocol (Figure 1C). 

These results confirm that our protocol is sufficient to elicit potential changes in molecular 

signaling pathways that are responsive to such a stressor.  

Gene Organism Forward Primer 
(5' to 3') 

Reverse Primer 
(5' to 3') 

Atf4 
(Creb-2) 

Mus 
musculus GCCGGTTTAAGTTGTGTGCT CTGGATTCGAGGAATGTGCT 

Atf5 Mus 
musculus TGGAGCGGGAGATCCAGTA GACGCTGGAGACAGACGTACA 

CHOP 
(ddit3) 

Mus 
musculus CACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA 

PGC-1𝛼 
(Ppargc1𝛼) 

Mus 
musculus TTCCACCAAGAGCAAGTAT CGCTGTCCCATGAGGTATT 

Gapdh Mus 
musculus AACACTGAGCATCTCCCTCA GTGGGTGCAGCGAACTTTAT 

B2m Mus 
musculus GGTCTTTCTGGTGCTTGTCT TATGTTCGGCTTCCCATTCT 
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ATF4 and downstream targets are responsive to the acute in situ contractile activity protocol. 

To assess whether the acute contractile activity protocol induces the transcription of ATF4 and 

downstream target genes, we performed quantitative real-time PCR comparing control and 

stimulated samples. We first examined ATF4 mRNA expression as it lies upstream of CHOP and 

ATF5 and is suggested to be highly responsive to cellular stress. Correspondingly, there was a 

significant main effect of stimulation in ATF4 mRNA expression (Figure 2A, P<0.0001), with a 2-

fold increase following the contractile activity protocol (P<0.001), and a further 3.5-fold 

enhancement post-recovery (P<0.0001) relative to controls (Figure 2A). We then evaluated the 

mRNA expression of ATF4 downstream targets, CHOP and ATF5, to determine whether this 

activation of ATF4 coincides with the transcriptional induction of target genes. Interestingly, we 

only observed changes in the mRNA expression of CHOP and not ATF5 (Figure 2B,C). There was 

a similar main effect of stimulation (P<0.0001) on CHOP mRNA expression, with a 2-fold increase 

immediately following the contractile activity protocol (P<0.01). This response was further 

elevated 3-fold post-recovery (P<0.0001). Thus, both ATF4 and CHOP are responsive to acute 

contractile activity. Lastly, we investigated the mRNA expression of PGC-1𝛼, the master regulator 

of biogenesis, to examine the drive for mitochondrial remodeling. Surprisingly, however, there 

were no changes in  PGC-1𝛼 mRNA (Figure 2D). Thus, our 9-minute contractile activity protocol 

is a potent stimulus that can induce changes at the mRNA level during the cellular stress imposed 

by contractile activity.  
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Figure 1: Muscle performance and force production during the acute in situ contractile 
activity protocol. A) Representative tracing of the acute in situ contractile stimulation protocol 
and progressive fatigue. Briefly, the gastrocnemius muscle was stimulated at 0.25, 0.5 and 1 
tetanic contractions per second (TPS). A subset of mice underwent a 60-minute recovery period 
following the in situ protocol where the exposed muscle was maintained at a homeostatic 
internal temperature of 37℃. B) The percentage of initial force production used as a measure of 
muscle fatigue in response to acute exercise and thus confirmed the acute muscle activation over 
the course of the 9-minute protocol. C) Force production at 3, 6 and 9 minutes of the acute in 
situ protocol, as a percentage of initial force production (t=0). S#### P<0.0001, main effect of 
stimulation, One-way ANOVA (n=29). Data are means ± SD.  
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Figure 2: qPCR analysis of ATF4 and downstream targets in response to acute contractile 
stimulation and following recovery. Changes in the gene expression of A) ATF4, B) CHOP, 
and C) ATF5. Signaling towards mitochondrial biogenesis with acute exercise was assessed by 
measuring mRNA levels of D) PGC-1𝛼. Con: n=30-39; Stim: n=30-39, Stim+Rec: n=6-7. 
S####P<0.0001, main effect of the stimulation conditions (including recovery), One-way 
ANOVA; Tukey’s post-hoc analyses, Con vs. Stim, Stim vs. Stim+Rec, Con vs. Stim+Rec. 
Tukey’s post-hoc: **P<0.01, ***P<0.001, ****P<0.0001. mRNA levels are indicated as fold 
changes using the 2-∆Ct. Con, Control; Stim, acute in situ stimulation; Stim+Rec, acute in situ 
stimulation followed by a 60-minute recovery period. Data are means ± SD.  
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The ISR is induced by contractile activity. We sought to evaluate the efficiency of acute contractile 

activity, followed by recovery,  in inducing the ISR. As mentioned previously, cellular stress elicits 

the activation of the ISR through the phosphorylation of eIF2𝛼, an event mediated by the four ISR 

kinases [24, 31]. To investigate this in our model, we first evaluated the activation of the ISR 

kinase, HRI, which is highly responsive to mitochondrial stress [31]. We then examined the 

downstream pivotal event and extent of eIF2𝛼 phosphorylation in our control and experimental 

samples (Figure 3A). We observed no significant changes in the protein expression of both total 

and phosphorylated HRI across conditions (Figure 3B,C), however, we detected a trending 

increase directly following contractile activity (P=0.0619) when expressed as ratio of 

phosphorylated to total HRI (Figure 3D). Downstream of this kinase activity, total eIF2𝛼 protein 

content remained unchanged across all groups (Figure 3E), however, there was a main effect of 

stimulation (including recovery) on the level of phosphorylated eIF2𝛼 with a  ~1.5-fold increase 

following recovery (P<0.01). The ratio of phosphorylated to total eIF2𝛼 protein expression (Figure 

3G) was increased by 2-fold following recovery (P<0.0001), compared to control and stimulated 

samples (P<0.0001, P<0.001). Thus, these data suggest that acute contractile activity is capable of 

inducing the ISR, an effect that becomes evident during the recovery phase.  
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Figure 3: Effects of acute contractile stimulation and recovery on ISR upstream signaling, 
represented by HRI and eIF2𝜶 phosphorylation in whole muscle. A) Representative 
immunoblots of T-HRI, P-HRI, T-eIF2𝛼 and P-eIF2𝛼, with the corresponding Ponceau stains. 
Quantifications of B) T-HRI, C) P-HRI, D) P-HRI/T-HRI, E) T-eIF2𝛼, F) P-eIF2𝛼, 	and G) P-
eIF2𝛼/T-eIF2𝛼. The approximate molecular weights of proteins are indicated with a hash bar in 
kilodaltons (kDa). Con: n=11-12, 26-28; Stim: n=6, 19-22, Stim+Rec: n=6. S####P<0.0001, 
main effect of the stimulation conditions (including recovery), One-way ANOVA; Tukey’s post-
hoc analyses, Con vs. Stim, Stim vs. Stim+Rec, Con vs. Stim+Rec. Tukey’s post-hoc: **P<0.01, 
***P<0.001, ****P<0.0001. Con, Control; Stim, acute in situ stimulation; Stim+Rec, acute in 
situ stimulation followed by a 60-minute recovery period. Data are means ± SD.  
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Whole muscle protein expression of ATF4 and downstream targets were assessed in response to 

acute contractile activity. Due to the increases in ATF4 mRNA expression in response to acute 

contractile activity, we sought to determine whether this translates to enhancements in the protein 

expression of ATF4 and downstream targets (Figure 4A). However, neither ATF4 or ATF5 showed 

no change in protein expression across conditions (Figure 4B,C). In contrast, there was a main 

effect (P<0.01) of contractile activity on CHOP protein (Figure 4D), with 2-fold increases 

following stimulation (P<0.05), however, these levels we attenuated following recovery (P<0.05). 

Therefore, CHOP is highly responsive to cellular stress at both the mRNA and protein level.  

Acute contractile activity stimulates the phosphorylation of the kinases JNK(1/2) and CaMKII𝜶.  

JNK is a stress kinase that is highly responsive to acute exercise and has been identified to be 

implicated in signaling during mitochondrial stress [48]. Evidence has shown that one of the ISR 

kinases, PKR, can induce the activation of JNK via its phosphorylation in response to 

mitochondrial proteotoxicity and elevations in ROS production [49]. Therefore, we assessed its 

extent of activation following our protocol as a further marker of ISR induction and contractile 

activity-induced stress. We detected two isoforms of JNK in muscle, JNK1 (∼46 kDa) and JNK2 

(∼54 kDa), however, we only quantified JNK2 as it is the isoform activated following the 

induction of the ISR (Figure 5A). There was a main effect of stimulation (P<0.0001) on the ratio 

phosphorylated/total JNK2 protein expression (Figure 5B) with robust 6-fold increases 

immediately following the stimulation protocol (P<0.0001), however, this activation was 

attenuated following recovery (P<0.001).  Since acute exercise has also been shown to stimulate 

the induction of the signaling kinases CaMKII𝛼, p38-MAPK, and AMPK𝛼, we sought to evaluate 

the activation of these three key kinases in our model to confirm such exercise-induced molecular 

stress [50]. There was a main effect of contractile activity on the ratio of phosphorylated to total 
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CaMKII𝛼 (Figure 5C, D), with a 6-fold increase in response to stimulation (P<0.0001). This 

activation was transient, returning to control levels during recovery (P<0.0001). Contrarily, there 

were no increases in the activation of p-38 MAPK (Figure 5E, F) or AMPK𝛼 (Figure 5G, H). 

These data further support the specific activation of the ISR in response to the contractile activity-

induced stress imposed.  

Acute contractile activity induces the nuclear translocation of ATF4. ATF4 is a transcription 

factor and therefore its translocation to the nucleus is required to impart its expressional regulation 

on target genes. This nuclear translocation is mediated by the targeting KKLKK signal (amino 

acids 280 to 284) located within the bZIP domain basic region of the ATF4 gene [51]. To evaluate 

this, we measured the subcellular localization of ATF4 in nuclear and cytosolic fractions isolated 

from muscle following contractile activity (Figure 6A). We observed a main effect of stimulation 

(P=0.05), with a stark 2-fold increase in the nuclear localization of ATF4 (Figure 6B).  
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Figure 4: Downstream effects on the protein expression of ATF4 and direct targets 
following acute contractile stimulation in whole muscle. A) Representative immunoblots of 
ATF4, ATF5 and CHOP, with the corresponding Ponceau stain. Quantifications of B) ATF4, C) 
ATF5, and D) CHOP. The approximate molecular weights of proteins are indicated with a hash 
bar in kilodaltons (kDa). Con: n=44; Stim: n=38, Stim+Rec: n=6. S##P<0.01, main effect of the 
stimulation conditions (including recovery), One-way ANOVA; Tukey’s post-hoc analyses, Con 
vs. Stim, Stim vs. Stim+Rec, Con vs. Stim+Rec. Tukey’s post-hoc: *P<0.05. Con, Control; Stim, 
acute in situ stimulation; Stim+Rec, acute in situ stimulation followed by a 60-minute recovery 
period. Data are means ± SD.  
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Figure 5: Effects of acute contractile stimulation on intracellular kinase signaling 
activation. A) Immunoblots of total and phosphorylated JNK2 with corresponding Ponceaus. 
B) Quantification of phosphorylated/total JNK2 protein in response to the acute contractile 
protocol and following the one-hour recovery. C) Immunoblots of total and phosphorylated 
CaMKII𝛼	with the corresponding Ponceau Stains. D) Quantification of phosphorylated/total 
CaMKII𝛼 in response to the acute contractile protocol and following the one-hour recovery. E) 
Immunoblots of total and phosphorylated p38-MAPK with the corresponding Ponceau Stains. 
F) Quantification of phosphorylated/total p-38 MAPK in response to the acute contractile 
protocol and following the one-hour recovery. G) Immunoblots of total and phosphorylated 
AMPK𝛼 with the corresponding Ponceau Stains. H) Quantification of phosphorylated/total 
AMPK𝛼	in response to the acute contractile protocol and following the one-hour recovery. The 
approximate molecular weights of proteins are indicated with a hash bar in kilodaltons (kDa). 
Con: n=11-12; Stim: n=5-6, Stim+Rec: n=6. S####P<0.0001, main effect of the stimulation 
conditions (including recovery), One-way ANOVA; Tukey’s post-hoc analyses, Con vs. Stim, 
Stim vs. Stim+Rec, Con vs. Stim+Rec. Tukey’s post-hoc: *P<0.05, ***P<0.001, ****P<0.0001. 
Con, Control; Stim, acute in situ stimulation; Stim+Rec, acute in situ stimulation followed by a 
60-minute recovery period. Data are means ± SD.  

Con Stim Stim+Rec
0.0

0.2

0.4

0.6

0.8

1.0

A
TF

4 
m

R
N

A
 E

xp
re

ss
io

n 
(2

-Δ
C

t ) ✱✱✱ ✱✱✱✱

Con 

Stim 

Stim+Rec

Con Stim Stim+Rec
0.0

0.2

0.4

0.6

0.8

1.0

A
TF

4 
m

R
N

A
 E

xp
re

ss
io

n 
(2

-Δ
C

t ) ✱✱✱ ✱✱✱✱

Con 

Stim 

Stim+Rec

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

2.0

P
-J

N
K

/T
-J

N
K

 
P

ro
te

in
 E

xp
re

ss
io

n 
(A

.U
)

✱✱✱✱

✱

✱✱✱ Con

Stim 
Stim+Rec

S####

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

2.0

P-
C

aM
K

II/
T-

C
aM

K
II

Pr
ot

ei
n 

Ex
pr

es
si

on
 (A

.U
) Con

Stim 

Stim+Rec

✱✱✱✱ ✱✱✱✱

S####

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

2.0

2.5

P
-p

3
8
 M

A
P

K
/T

-p
3
8
 M

A
P

K
P

ro
te

in
 E

x
p

re
s
s
io

n
 (

A
.U

) Con

Stim 

Stim+Rec

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

P
-A

M
P

K
/T

-A
M

P
K

P
ro

te
in

 E
xp

re
ss

io
n

 (
A

.U
) Con

Stim 

Stim+Rec

T-JNK
C       S C     S+R

P-JNK2
(Thr183, Tyr185)

2
1

Ponceau

-54

-54
kDa

T-CaMK!

P-CaMK!
(Thr286)

Ponceau

-50

-50

kDa

T-p38 MAPK

P-p38 MAPK
(Thr180, Tyr182)

Ponceau

-40

-43

kDa

T-AMPK!

P-AMPK!
(Thr172)

Ponceau

-62

-62

kDa

A

B

C

D

E

F

G

H

C       S C    S+R

C      S C     S+R C      S C    S+R

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

A
T

F
4 

m
R

N
A

 E
xp

re
ss

io
n

 (
2

-Δ
C

t )

Con 

Stim 

Stim+Rec

S####

✱✱✱

✱✱✱✱

✱✱✱✱

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

A
T

F
4 

m
R

N
A

 E
xp

re
ss

io
n

 (
2

-Δ
C

t )

Con 

Stim 

Stim+Rec

S####

✱✱✱

✱✱✱✱

✱✱✱✱

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

A
T

F
4 

m
R

N
A

 E
xp

re
ss

io
n

 (
2

-Δ
C

t )

Con 

Stim 

Stim+Rec

S####

✱✱✱

✱✱✱✱

✱✱✱✱

Con Stim Stim+Rec
0.0

0.5

1.0

1.5

A
T

F
4 

m
R

N
A

 E
xp

re
ss

io
n

 (
2

-Δ
C

t )

Con 

Stim 

Stim+Rec

S####

✱✱✱

✱✱✱✱

✱✱✱✱



 
 

82 

ATF4 mRNA expression was increased following acute contractile activity, independent of 

promoter activity. Since we observed robust increases in the mRNA expression of ATF4 

immediately following contractile activity (Figure 7A), we aimed to determine whether this was 

associated with a plausible enhancement in the transcriptional activation of ATF4. To evaluate this, 

we electrotransfected a 1.5-kb mouse ATF4 promoter-luciferase reporter into the gastrocnemius 

muscle prior the acute contractile protocol and assessed the luciferase activity following the 

completion of the protocol. There were no differences in the promoter activity of ATF4 in both 

control and stimulated conditions (Figure 7B).We then assessed the mRNA stability of ATF4 using 

an in vitro cell-free mRNA decay assay [52, 53]. Interestingly, ATF4 stability was significantly 

increased in stimulated muscle milieu compared to control muscle (Figure 7D, P<0.05), relative 

to the mRNA stability of the housekeeping gene GAPDH (Figure 7C). Additionally, the transcript 

(half-life) of ATF4 was increased following the acute contractile activity protocol (Figure 7E, 

P<0.01). Thus, the increase in mRNA expression seen with contractile activity is a product of 

enhanced mRNA/transcript stability and not its transcriptional activation.  
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Figure 6: Cellular localization of ATF4 in control and acutely stimulated gastrocnemius 
samples. A) Representative immunoblots of ATF4 protein expression in Nuclear and Cytosolic 
fractions. Subcellular fractions were obtained from the gastrocnemius muscles of animals 
subjected to the acute in situ stimulation protocol and respective controls. Blots are shown with 
the corresponding Ponceau stain, ⍺-tubulin and H2B as indicators of sample purity. 
Quantifications shown for B) Nuclear and Cytosolic ATF4 protein content corrected to Ponceau. 
The approximate molecular weights of proteins are indicated with a hash bar in kilodaltons 
(kDa). n=6-8. S#P=0.05, main effect of the stimulation conditions, One-way ANOVA. Con, 
Control; Stim, acute in situ stimulation; Nuc, Nuclear; Cyto, Cytosolic. Data are means ± SD.  
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Figure 7: Effect of acute contractile activity on ATF4 transcription, steady-state mRNA 
content and mRNA stability. A) mRNA expression of ATF4 following the acute in situ 
contractile activity protocol (n=27-36). B) ∼1.5-kb ATF4 upstream promoter driving firefly 
luciferase expression was electroporated bilaterally into the gastrocnemius muscles of young 
male mice in conjunction with a renilla luciferase reporter plasmid. Luciferase activity was 
corrected for renilla luciferase to control for transfection efficiency. Control/basal and acute 
contractile activity samples were assessed (n=9). Semilogarithmic  quantification of the rate of 
mRNA decay of C) GADPH (housekeeping gene for qPCR), and D) ATF4 following incubation 
with cytosolic fractions from control or acutely stimulated muscle for 0, 30, 60 or 90 min (n=3, 
per group/gene). E) Half-life of ATF4 transcript (mRNA) levels in control and acutely 
stimulated samples, derived from the previous rate of decay non-linear regression analyses 
(n=3/group). S# P<0.05, main effect of the stimulation conditions, One-way ANOVA; Tukey’s 
post-hoc analyses, Con vs. Stim (mRNA decay). Student’s t-test; Unpaired, P<0.01**,  
P<0.0001****. Con, Control; Stim, acute in situ stimulation; Data are means ± SD.  
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DISCUSSION 

Mitochondria are recognized as efficient energy hubs that can also coordinate a retrograde 

(mitochondria-nuclear) signaling response in the face of cellular stress [9-11]. This mito-nuclear 

communication is deemed functionally necessary as it provides a mechanism for mitochondria to 

monitor and maintain optimal functioning by inducing nuclear transcriptional programs in 

response to cellular perturbations [10, 14]. Recent evidence has elucidated that the Integrated 

Stress Response (ISR), and its effector ATF4, are novel components of the stress response required 

to maintain mitochondrial health [24-31]. Previous work from our laboratory has identified that 

ATF4 is responsive to contractile activity and that it has a role in maintaining mitochondrial 

function [45-47]. This suggests that contractile activity induces a transient increase in 

mitochondrial stress, which initiates the ISR and leads to the downstream activation of ATF4. 

However, no work has focused on elucidating the precise signaling events that elicit the induction 

of the ISR and the mechanism of ATF4 activation in vivo. Thus, in this study, we sought to 

investigate 1) whether the ISR was induced following acute contractile activity, and 2) how such 

activation correlates to the induction and activity of ATF4.  

To understand whether contractile activity could initiate the signaling required to induce 

mitochondrial stress and the ISR, we subjected animals to a short, yet intense acute contractile 

activity protocol, with or without a 1-hr recovery period. We selected this paradigm as it induces 

the contractile activation of the gastrocnemius muscle, the depolarization of all motor units, and 

the recruitment of all fiber types. This protocol was able to induce significant muscle fatigue, as 

tetanic contraction force diminished by 40-85% during the stimulation period. 

Acute contractile activity-induced stress elicits the activation (phosphorylation) of 

responsive kinases [55, 56]. Such activation is necessary to transduce cellular signaling and initiate 
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adaptive physiological responses. To confirm that our contractile activity paradigm was able to 

activate known exercise-responsive signaling pathways, we evaluated the phosphorylation of 

JNK2, CaMKII𝛼, AMPK𝛼 and p38-MAPK kinases immediately following the protocol and post-

recovery. The phosphorylation of JNK2 and CaMKII𝛼 were remarkably elevated immediately 

following the contractile activity protocol and returned to basal levels subsequent to the recovery 

period. This is in agreement with previous observations that have documented an enhancement in 

the signaling of JNK2 and CaMKII𝛼 following acute exhaustive exercise [57], and moderate 

intensity exercise [58]. Along with the classical roles of JNK in mediating apoptosis, cell survival, 

and muscle growth, JNK can also serve as a link between contractile activity and stress response 

signaling [59]. In particular, it has been demonstrated that the JNK2 isoform is implicated in ISR 

signaling, lying downstream of the ISR kinase, PKR, and is thus responsive to mitochondrial 

proteotoxicity and ROS production [32, 59]. Thus, our findings confirm the induction of the ISR 

in response to our acute contractile paradigm. In addition, CaMKII𝛼 was robustly activated by 

both acute and prolonged contractile activity in response to intracellular changes in Ca2+ and it has 

been shown to lead to the activation of various transcription factors, contributing to altered gene 

expression and cellular adaptations [60-62]. We have also previously shown that kinase activation 

is dependent on both the time and intensity of the contractile activity [55, 56]. Thus, it was 

interesting to observe that both AMPK𝛼 and p38-MAPK were not significantly phosphorylated 

under the conditions employed. Our observations indicate that our short, intense contractile 

activity protocol effectively dissociates the activation of specific stress kinases from one another, 

in favour of ISR signaling activation.  

To further evaluate the activation of the ISR in response to acute contractile activity, we 

assessed the extent of phosphorylation of the ISR kinase, HRI, and the ribosomal eIF2𝛼 subunit. 
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Recent findings have demonstrated that the ISR is upregulated in response to mitochondrial stress 

via the OMA-DELE1-HRI axis [31, 63]. The activation of this axis requires the coordinated 

cleavage of the mitochondrial protein DELE1 from the mitochondrial stress-sensitive protease 

OMA1, producing small DELE1 fragments, which then interact with the HRI homodimer in the 

cytosol to induce its phosphorylation and catalytic activity [31, 63]. While these upstream events 

involving OMA1 and DELE1 were not assessed in this study, we observed a trending increase in 

the activation of HRI immediately following the contractile activity protocol, with levels returning 

to control in the recovery period. Despite the fact that the activation of HRI was not robust, our 

results indicate that its downstream target eIF2𝛼 was phosphorylated in a time-dependent manner, 

evident particularly in the recovery phase. This result is a direct indicator of ISR activation. These 

observations are in agreement with previous work which also showed an increase in its activation 

following an acute exhaustive bout of exercise in mice [57]. The data also suggest that potential 

pathway redundancies exist within the ISR kinases and their activation in response to 

mitochondrial stress [28, 64]. Future work will be designed to elucidate the precise triggering 

events that occur in response to acute exercise, notably involving either increases in mitochondrial 

ROS and/or protein aggregation. 

Following the activation of the ISR in response to our contractile activity paradigm, we 

then investigated the regulation of the ISR effector, ATF4, and known downstream targets, ATF5 

and CHOP, at the transcriptional and posttranslational levels. Research has shown that ATF4, 

ATF5, and CHOP are highly responsive to muscle contractile activity [45-47], and that ATF4 is 

induced following a wide-range of mitochondrial perturbations, consequently leading to the 

downstream activation of both ATF5 and CHOP [40-44]. ATF4 mRNA expression was elevated 

in response to  contractile activity protocol, which increased further post-recovery. These results 
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are consistent with previous results from our group and others, indicating that ATF4 is highly 

responsive to the cellular stress provoked by acute contractile activity [45-47, 65-67]. CHOP 

mRNA expression was also drastically increased in response to contractile activity, which parallels 

findings from previous literature [45-47]. These data collectively support the induction of gene 

expression changes which are most often robustly observed during recovery [68, 69]. In contrast, 

the brief, intense nature of the contractile activity paradigm employed did not result in the 

induction of ATF5 or PGC-1𝛼. 

Given the brevity of the contractile activity stimulus, we did not anticipate that changes in 

the protein expression of ATF4, CHOP, and ATF5 would be evident, despite relatively rapid 

increases in ATF4 and CHOP mRNA levels, as well as an enhancement in the phosphorylation of 

eIF2𝛼, responsible for mediating the translation of ATF4 mRNA at alternative upstream open 

reading frames [70]. However, it is not unreasonable to assume a likely delay in measurable protein 

production, indicating a lag between precursor (i.e, mRNA) and product (protein) synthesis. 

Surprisingly, this was not evident for CHOP, as CHOP protein was enhanced immediately post-

contractile activity, likely reflecting different mRNA and protein turnover rates for ATF4 and 

CHOP within muscle. 

ATF4 is capable of regulating the transcription of various cytoprotective genes in response 

to mitochondrial stress, thus, in conjunction with the activation of the ISR, we wished to examine 

the extent of ATF4 nuclear translocation following contractile activity. The ATF4 protein harbours 

a nuclear localization sequence in its bZIP domain at the C-terminus (amino acids 280 to 284), 

which regulates its organellar movement depending on the cellular environment [51]. A previous 

study confirmed that ATF4 is capable of translocating to the nucleus upon cellular stress [71]. Our 

data illustrate that contractile activity is also a potent stimulus that induces the nuclear 
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translocation of ATF4. These results indicate that, despite an unchanged protein content, ATF4 is 

active and can impart its transcriptional activity to downstream target genes, such as CHOP, 

contributing to its enhanced expression. Future work examining the DNA binding of ATF4 to the 

promoter region of target genes via ChIP analyses would be beneficial in understanding the extent 

of activation following acute contractile activity.  

To delineate the mechanism underlying the robust increases in the mRNA expression of 

ATF4 in response to acute contractile activity, we first assessed the activity of the ATF4 promoter 

via the in vivo transfection of a 1.5-kb proximal mouse ATF4 promoter-luciferase construct. We 

hypothesized that the large increase in JNK2 activation observed with contractile activity would 

lead to the phosphorylation of regulatory proteins that have been proposed to induce the 

transcription of ATF4 [72]. Unexpectedly, ATF4 promoter activity in the gastrocnemius muscle 

following contractile activity remained unchanged in comparison to controls. Thus, our short, 

intense contractile activity regimen was insufficient to induce detectable transcriptional activation 

of the promoter, which may require a longer time, including the recovery period, to become 

evident.  

The increase in ATF4 mRNA could also be the result of changes in mRNA degradation 

rate brought about by contractile activity. To evaluate this, we utilized a cell-free in vitro decay 

assay that has been well described by our laboratory [52,53,73,74]. We sought to compare the 

degradation rate of ATF4 mRNA in contracting, vs. resting muscle. Our observations indicate that 

ATF4 mRNA stability was increased immediately following contractile activity, which could 

account for the increase in ATF4 mRNA. These findings are in line with previous work which 

showed that contractile activity induces robust mRNA stabilization and the enhancement of 

nuclear RNA Binding Protein (RBP) expression [52, 53]. RBPs mediate the stability of (pre) 
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mRNAs primarily by interacting with the sequence elements found in the 3′-untranslated regions 

(UTRs) of transcripts [75, 76]. We intend to address whether contractile activity alters the 

expression and/or localization of well-characterized skeletal muscle related RBPs leading to ATF4 

mRNA stabilization. 

In conclusion, our results indicate that acute contractile activity is capable of eliciting 1) 

the induction of stress-kinase signaling pathways, 2) activation of the ISR, potentially responsive 

to changes in mitochondrial homeostasis, 3) an increase in both ATF4 and CHOP mRNA 

expression, 4) nuclear activation of ATF4 which contributes to the early expression of stress 

responsive genes, and 5) enhancements in the mRNA stability of ATF4. These findings 

collectively suggest a protective role of the ISR in maintaining cellular/mitochondrial homeostasis 

in the face of mechanical and molecular stress. This activation is an early response that may also 

be useful to further enhance the initial cellular adaptations in muscle responding to exercise-

induced stress, contributing to improvements in the muscle phenotype. Further investigation is 

required to understand the precise mechanism of mitochondrial stress in activating the ISR and 

ATF4 in response to exercise, and how such induction can be beneficial in preserving the health 

of the muscle mitochondrial pool.  
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FUTURE DIRECTIONS 
 

1. Since the ISR is activated in response to our short contractile activity paradigm, it is worth 

investigating whether such activation is enhanced following an exhaustive bout of exercise. 

A hint towards this is shown in our RNA-seq (supplementary) findings, that show robust 

enhancement in ISR related genes following a bout of whole body exercise in mice. Such 

a project can also be done in a cell culture model via the use of our “exercise-in-a-dish” 

acute contractile protocol. Once the ISR has been successfully induced, it would also be 

worthwhile to examine the transient molecular adaptations that may exist and thereby 

contribute to an improvement in the mitochondrial pool. This can be accomplished by 

evaluating the drive for mitochondrial biogenesis and mitophagy, as well as mitochondrial 

respiration parameters.  

2. Understanding the mechanism behind the induction of the ISR in response to acute 

contractile activity/exercise has not yet been investigated in the literature, thus, it would be 

beneficial to explore this in great depth. Evidence has indeed suggested that the ISR is 

responsive to mitochondrial ROS production, misfolded proteins aggregates and mutations 

in mtDNA, however, the precise mitochondrial stress that occurs with acute contractile 

activity has not yet been elucidated. To examine this, we can assess overall ROS emission 

via Oroboros or Clark Electrode analyses, evaluate the soluble and insoluble (protein 

aggregates) protein pool within the mitochondria, and/or assess the presence of unfolded 

proteins within mitochondria via the use of a Tetrephenulethene Maleimide (TPE-MI) 

fluorogenic dye or slot-blot analyses of beta-strand oligomers using the A11 Oligomer 

antibody.  
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3. To further validate the role of the ISR and thus ATF4 in maintaining mitochondrial 

homeostasis during acute exercise, a muscle-specific ATF4 knockout model can be 

employed. We have established our ATF4 knockout colony, and thus have the capacity to 

examine the differences between WT and ATF4 KO in their responsiveness to acute 

exercise induced mitochondrial stress, and the downstream consequences. As well, since 

ATF4 has been implicated in sarcopenia, it would be interesting to also identify how the 

absence of ATF4 contributes to not only the preservation of muscle, but the potential effects 

on mitochondrial health (age-related). Would these two parameters be contradicting? 

Lastly, with this ATF4 mKO colony, it would also be beneficial to evaluate the exercise 

training responsiveness, and if ATF4 is required to elicit beneficial mitochondrial 

adaptation to training, as observed in cell culture models.  

4. The ISR has recently been suggested as the precursor pathway that is activated in response 

to mitochondrial stress and thereby induces the activation of the UPRmt, however, no work 

has focused on elucidating how these two pathways coordinate their activation and 

cytoprotective transcriptional response. Thus, it worth investigating such relationship in 

response to exercise-induced mitochondrial stress. This can be examined in both animal 

and cell culture models. As well, it would be intriguing to determine the consequence of a 

double knockdown of the main effectors of both pathways (ATF4 and ATF5) and observe 

the corresponding effects that occur with respect to mitochondrial health and the ability to 

adapt to exercise-induced stress.  
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APPENDIX A: DATA AND STATISTICAL ANALYSIS 
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Table 1. % Force Production During the in situ Protocol. 
 

 
 
 

 
 
 
 
 
 
 

 
 

Table 2A. ATF4 mRNA Expression.  
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Table 2B. CHOP mRNA Expression. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2C. ATF5 mRNA Expression 
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Table 2D. PGC-1𝜶 mRNA Expression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 3A. Total-HRI Protein Expression. 
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Table 3B. Phosphorylated-HRI Protein Expression. 
 

 
 
 
 
 
 
 
 

 
Table 3C. Phosphorylated/Total-HRI Protein Expression. 
 

 
 
 
 
 
 
 
 

 
Table 3D. Total-eIF2𝜶 Protein Expression. 
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Table 3E. Phosphorylated-eIF2𝜶 Protein Expression. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table 3F. Phosphorylated/Total-eIF2𝜶 Protein Expression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

N Con Stim Stim+Rec

1 0.83311846 0.9572865 1.07964104
2 0.78376141 0.79727836 2.01139859
3 0.65492732 0.85695804 1.04841999
4 0.74306353 0.91740285 1.08680682
5 0.56763308 0.76808235 0.74038451
6 0.57943712 0.58167053 0.89025863
7 0.79841778 0.74855196
8 0.610971 0.86114684
9 0.79563126 0.89962141
10 1.06844184 1.17233836
11 0.95820262 1.13217867
12 0.91063836 1.10133789
13 0.45898285 0.82481409
14 0.53257369 0.65435784
15 0.49967945 0.64120705
16 1.1159263 1.04468364
17 1.04641982 0.92350543
18 0.7866718 0.6611159
19 0.73086981 0.54910137
20 0.91382238 0.44212113
21 0.82603297 0.70199792
22 0.53386223 0.66355701
23 0.52027467
24 0.33907305
25 0.63501636
26 0.26813875
27 1.20205311
28 0.70970967
X 0.729405382 0.813650688 1.142818263

SD 0.230328403 0.195564865 0.44636549

Phosphorylated-eIF2α Protein Expression (A.U)
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Table 4A. ATF4 Protein Expression. 
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Table 4B. CHOP Protein Expression. 
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Table 4C. ATF5 Protein Expression. 
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Table 5A. Phosphorylated/Total-JNK Protein Expression. 
 

 
 

 
 
 

 
 
 

 
 

 
Table 5B. Phosphorylated/Total-CaMKII𝞪 Protein Expression. 
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Table 5C. Phosphorylated/Total-p-38 MAPK Protein Expression. 
 

 
 

 
 
 

 
Table 5D. Phosphorylated/Total-AMPK𝞪 Protein Expression. 

 
 
 

 
 
 

 
Table 6. ATF4 Protein Expression in the Nucleus and Cytosol.  
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Table 7A. ATF4 mRNA Expression in Control and Stimulated Samples. 
 

 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Table 7B. ATF4-Protmoter Luciferase Construct Activity. 
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Table 7C. GAPDH mRNA Stability (in vitro cell-free assessment). 
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Table 7D. ATF4 mRNA Stability (in vitro cell-free assessment). 
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Table 7E. ATF4 mRNA Transcript Half-Life (in vitro cell-free assessment). 
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APPENDIX B: ADDITIONAL DATA 
(STATISTIC TABLES NOT SHOWN) 
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Supplementary Figure 1: In vivo knockdown of ATF4 in the Gastrocnemius muscle of mice 
using a siRNA vector DNA via electroporation. Briefly, a lentivector siRNA plasmid was 
amplified and isolated, as described in the Methods section. An injection containing 50𝜇g of the 
plasmid in 0.9% saline was administered to the right hindlimb gastrocnemius, and was 
subsequently electroporated, as previously described. The left hindlimb gastrocnemius served 
as a control and received an injection only containing saline. Following 7 days of gene/plasmid 
amplification, both gastrocnemius muscles were excised and sectioned accordingly for 
experimentation, which included confocal microcopy (to evaluate plasmid uptake and 
expression into the muscle, confirmed via exogenous GFP presence/fluorescence), western 
blotting, and qPCR to evaluate the expression of ATF4 and downstream targets. A) Schematic 
of the ATF4 siRNA (Knockdown plasmid) used, which contains the GFP reporter-gene 
(exogenous expression detectable via fluorescence). B) Following 7 days of gene amplification, 
a small portion of the gastrocnemius muscle from both hindlimbs (Control and siA injected) was 
isolated and use immediately to be imaged with confocal microscopy (20x magnification, Green 
Fluorescent Laser). Both longitudinal and Cross-Sections of the muscle were imaged to observe 
the exogenous GFP expression. Representative white light imaging of the Cross-Sectional 
portion of the gastrocnemius is shown (not to scale). Control legs were imaged to evaluate 
endogenous GFP expression.  
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Supplementary Figure 2: Evaluation of the in vivo knockdown of ATF4 via a siRNA vector 
DNA plasmid in the Gastrocnemius muscle of mice. A) Representative immunoblots of ATF4, 
CHOP and ATF5 with the corresponding Ponceau (loading control). B), C) Quantification of 
ATF4, CHOP and ATF5 expressed as a correlation (relative to ATF4 protein expression) using 
linear regression and correlational analyses. D) mRNA expression of ATF4, CHOP and ATF5 in 
siA injected samples. mRNA levels are indicated as fold changes using the 2-ΔΔCt values. Con, 
Control; siA, siRNA vector DNA against ATF4. Data are means ± SD.  
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Supplementary Figure 3: RNA-Seq genomic data derived from acutely exercised Wild-
Type mice.  Total RNA from Wild-Type acutely exercise mice was isolated and used for RNA 
library preparation, sequencing, and pathway analysis were performed by the Toronto Centre 
for Applied Genomics (The Hospital for Sick Children). Exercised animals ran at a pace of 
15 m/min for 60 min, followed by 18 m/min for 30 min (90 min total). Total RNA samples were 
processed at TCAG, accordingly. Briefly, NEBNext Ultra II Directional RNA libraries using 
poly-A selection were prepared. All 6 samples (three WT control and three WT Ex) were 
multiplexed on one lane of an SP flow cell and sequenced (paired end reads) on the Illumina 
NovaSeq 6000. Prior to performing RNA-Seq, the resulting DNA-free RNA samples were 
analyzed for quality on a 2100 Bioanalyzer System (Agilent Technologies).  Differential gene 
expression analysis was performed with DESeq2 (version 1.26.0s; using R, version 3.6.1). 
Volcano plot of DESeq2 RNA-Seq data showing differential expression of all examined genes. 
The data are expressed as log2 fold change comparing control and acutely exercised (Ex) mice 
(enhanced gene expression, red; reduced gene abundance, blue; no change in gene 
expression, white; P<0.05). Genes of interest, related to ISR signaling and activation, and the 
most up- or down- regulated, were specifically identified illustrating their relative position on 
the plot.  
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Supplementary Figure 4: Differential expression of select genes related to ISR activation 
and signaling in acutely exercise samples. Heat map of DESeq2 RNA-Seq data of specific 
ISR related genes showing the effect of an acute whole-body exercise protocol on relative 
differential gene expression. The data are expressed as log2 fold change comparing the acutely 
exercised samples with controls (n=3/group) (enhanced gene expression, red; reduced gene 
abundance, blue; no change in gene expression, white; P< 0.05). 
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APPENDIX C: LABORATORY METHODS AND PROTOCOLS 
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ISOLATING WHOLE MUSCLE PROTEIN EXTRACTS 
 
Reagents: 
1. Muscle Extraction Buffer (Sakamoto et al., JBC 277:11910, 2002) 

a. 20mM Hepes (ph 7.4)  2.383g/500ml 
b. 2mM EGTA                     0.3804g/500ml 
c. 1% Trition-X100                    5ml/500ml 
d. 50% Glycerol                         10ml/500ml 
e. 50mM b-Glycerophosphate      5.4g/500ml 

Volume up to 500ml with double distilled water (ddH2O) pH to 7.4 
 
2. Make extraction buffer with protease and phosphatase inhibitors:  
In a 15ml tube, mix the following at the appropriate ratio as outlined below and keep on ice: 

a. 1 ml Sakamoto Muscle Extraction Buffer     
b. 10 ul Protease Inhibitor Stock (1 tablet in 500uL ddH2O)  
c. 10 ul Cocktail 2 Phosphatase Inhibitor      
d. 10 ul Cocktail 3 Phosphatase Inhibitor   

 
Procedure: 
1. Add 100µl of Sakamoto Muscle Extraction Buffer to a set of Eppendorf tubes. 
2. Weigh out 15-20mg of tissue into the first set of Eppendorf tubes and record the exact weight 

of each sample in a table. 
3. Add the appropriate volume of buffer solution to each Eppendorf to produce 10x volume.  
4. Insert a metal bead into each Eppendorf. 
5. Place Eppendorfs in balanced manner in metal brackets (kept in freezer) 
6. Insert brackets into TissueLyser and homogenize (shake) at 30 Hz for 1 min at a time. 
7. Remove blocks, check for homogeneity and repeat if necessary (flip orientation of blocks for 

each cycle) 
8. Remove beads with magnet and centrifuge at 14,000g for 10 minutes at 4°C. 
9. Completely withdraw the supernatant and pipette the solution into the new pre-labeled 

Eppendorf tubes. 
10. Store at -80°C  
 
WESTERN/IMMUNOBLOTTING  
 

SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) Protean Biorad System 
 
Reagents: 
1. Acrylamide/Bis-Acrylamide, 30% Solution 37.5:1 (BioShop 10.502) 

a. Store at 4°C 
2. Under Tris Buffer 

a. 1M Tris, pH 8.8 (60.5g/500ml) 
b. Store at 4°C 

3. Over Tris Buffer 
a. 1M Tris, pH 6.8 (12.1g/100ml) 
b. Bromophenol Blue (for colour) 
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c. Store at 4°C 
4. Ammonium Persulfate (APS) 

a. 10% (w/v) APS in ddH20 (1g/10ml) 
b. Stored at 4°C 

5. Sodium Dodecyl Sulfate (SDS) 
a. 10% (w/v) in ddH20 (1g/10ml) 
b. Store at room temperature 

6. TEMED (Sigma T-9281) 
7. Electrophoresis Buffer, pH 8.3 (10L) 

a. 25mM Tris 30.34g, 192mM Glycine 144g, 0.1% SDS 10g 
b. Volume to 10L with ddH20 
c. Store at room temperature 

8. 6X SDS 
a. Warm 100% glycerol in water bath at 65°C for 30 minutes. 
b. Combine 1.2g SDS, 0.06g Bromophenol Blue, 3mls of 1M Tris, pH 6.8 and 1ml of 

ddH20 and stir at 4°C for 5 minutes. 
c. Add 3mls of 100% glycerol, stir and aliquot mixture. 
d. Store at -20°C 
e. Add 5% (v/v) ß-mercaptoethanol (Sigma M6250) to 6X SDS just prior to use. 

9. tetra-Amyl alcohol ReagentPlus, 99% (Sigma 152463) 
 
Procedure: 
1. Prepare electrophoresis rack: 

a. Clean glass plates thoroughly with soap followed by 
95% ethanol then ddH20.  

b. Dry carefully with a kimwipe.  
c. Assemble glass plates as shown: 
d. Check the seal by adding a small volume of ddH20 

then pour off and let dry.  
 
2. Prepare separating gels: 

a. Mini Protean 3 Bio-Rad System volumes: 
 

 8% 10% 12% 15% 18% 
Acrylamide 2.7 ml 3.3 ml 4.0 ml 5.0 ml 6.0 ml 
ddH20 4.1 ml 3.5 ml 2.8 ml 1.8 ml 0.8 ml 
Under Tris 3.0 ml 3.0 ml 3.0 ml 3.0 ml 3.0 ml 
SDS 100µl 100µl 100µl 100µl 100µl 
APS 100µl 100µl 100µl 100µl 100µl 
TEMED 10µl 10µl 10µl 10µl 10µl 

 
b. Mix the contents of the separating gel without adding APS or TEMED. Stir.  
c. Add APS and TEMED. Stir.  
d. Slowly pour the entire volume of the solution into the space between the two plates 

while keeping plates tilted to prevent bubble formation. 
e. Add tert-Amyl alcohol to coat top surface of gel solution. 



 
 

122 

f. Allow 30 minutes for gel polymerization.  
g. Remove tert-Amyl alcohol by pouring it off and remove any remainder with a 

kimwipe. Rinse with ddH20. 
 
3. Prepare stacking gel: 

a. For a single mini gel use the following volumes: 
b. Add the contents of the stacking gel without adding 

APS or TEMED. Stir.  
c. Add APS and TEMED. Stir.  
d. Using a Pasteur pipette slowly add the entire volume 

from the beaker in between the plates.  
e. Add comb for desired number of wells. 
f. Allow 30 minutes for gel polymerization. 

 
4. Prepare samples: 

a. Turn on the block heater to 95ºC.  
b. Pipette required volume of sample into new Eppendorf with same amount of lysis 

buffer and 5 µl of sample dye. Keep samples on ice until all samples are prepared 
(use pipette plan). 

c. Briefly spin each sample to bring volume to the bottom of the Eppendorf. 
d. Incubate each sample at 95 ºC for 5 minutes in the heating block to denature the 

proteins.  
e. Briefly spin again to return volume to the bottom of the Eppendorf. 

 
5. Assemble Mini-PROTEAN gel caster system: 

a. See images.  
b. If you are only running one gel a plastic 

rectangular pseudo plate must be clamped on the 
other side of the caster.  

c. Fill with electrophoresis buffer between the 
plates and outside of the plates in the chamber.  

d. Slowly remove the comb using both hands (one 
on each side) by pulling the comb straight 
upwards.  

e. Fix any wells that are deformed using a small 
spatula.  

f. Clean out the wells using a syringe filled with 
electrophoresis buffer.  

g. Withdraw the entire volume of the sample using a pipette. Dispense volume slowly 
into the bottom of the well.  

 
6. Gel electrophoresis  

a. Immediately after all samples are loaded place the lid on the gel chamber. 
b. Place positive and negative plugs into the power supply and turn on power supply.  
c. Set power supply to 120V. Gel will run for ~2 hours depending on percent gel made. 

Acrylamide 500 µl 
Over Tris 625 µl 
ddH20 3.75 ml 
SDS 50 µl 
APS 50 µl 
TEMED 7.5 µl 
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d. When the bromophenol blue has run off the bottom of the gel (or when gel has 
separated the desire amount) turn off the power supply. Remove plugs from power 
supply and remove lid. 

e. Prepare for electrotransfer of proteins from the gel to nitrocellulose membrane.  
 

Western Blotting Transfer and Immunodetection 
 
Reagents: 
1. Transfer Buffer 

a. 0.025M Tris-HCl pH 8.3 (12.14g) 
b. 0.15M Glycine (45.05g) 
c. 20% Methanol (800ml) 
d. Volume up to 4L with ddH20 
e. Store at 4°C 

2. Ponceau S stain 
a. 0.1% (w/v) Ponceau S  
b. 0.5% (v/v) Acetic Acid 
c. Store at room temperature 

3. Wash Buffer 
a. Tris-HCl pH 7.5 (12g) 
b. NaCl (58.5g) 
c. 0.1% Tween (10ml) 
d. Store at room temperature 

4. Blocking Solution 
a. 5% (w/v) skim milk power in wash buffer OR 
b. 5% (w/v) BSA in wash buffer 

5. Enhanced Chemiluminescence Fluid (ECL; Santa Cruz sc-2048) 
 
Procedure: 
1. Transfer Procedure 

a. Remove electrophoresis plates from chamber and separate the plates. 
b. Cut away unnecessary parts of the gel using a spatula and measure remaining gel size. 
c. Using a paper cutter cut 6 pieces of Whatman paper per gel to the same size as the 

gel. Wearing gloves cut nitrocellulose membrane (GE Healthcare RPN303D) to the 
dimensions of the gel.  

d. Assemble Whatman paper, nitrocellulose membrane and gel as shown: 
e. Close the cassette and place in the transfer chamber 

with the black side of the cassette facing the back side 
of the chamber.  

f. Place ice pack in the chamber. 
g. Place lid on the chamber and connect the leads to the 

power supply.  
h. Turn on the power supply and run at 120V for 2 hours. 

This can vary depending on the size of the protein of 
interest. 
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2. Removal of transfer membrane: 
a. Turn off the power supply and disconnect leads from the power supply then remove 

the lid from the chamber. 
b. Remove the cassette from the chamber.  
c. With gloves on, remove the Whatman paper and gel and place the nitrocellulose 

membrane in a plastic dish.  
d. Add Ponceau S stain on the membrane and gently swirl.  
e. Drain off the remaining Ponceau S and save for reuse. 
f. Rinse the membrane with ddH20 to reduce the red background. Wrap membrane in 

saran wrap and scan image. 
g. Cut the membrane while protein bands are still visible at the desired molecular 

weight. 
h. Rotate membrane at room temperature in wash buffer until remaining Ponceau S has 

been removed. 
i. Incubate membrane for 1 hour with rotation in blocking solution.  
j. Incubate membrane with desired antibody diluted in blocking solution overnight at 

4ºC. Membrane is placed face up into the solution on a glass plate covered in 
parafilm. To maintain a moist environment overnight, wet a small kimwipe and form 
it into a ball and place in each corner of the dish. Cover the dish with saran wrap. 

 
3. Immunodetection 

a. Wash the blots in wash buffer with gentle rotation for 5 minutes 3X. 
b. Incubate the blots for 1 hour in room temperature with the appropriate secondary 

antibody diluted in blocking solution. 
c. Membrane is placed face up in solution on a glass plate covered with parafilm. Place 

moist kimwipes in each corner of the dish and cover the dish with saran wrap. 
d. Following the incubation, wash the membrane 3X for 5 minutes with wash buffer. 

 
4. Enhanced Chemiluminescence Detection 

a. Mix ECL fluids “A” and “B” in a 1:1 ratio in a disposable Rohr tube. 
b. Place blots on saran wrap face up and apply ECL solution for 2 minutes.  
c. Dab off excess ECL on a kimwipe and place blots in Imager. 
d. Expose blot (time will vary depending on protein and antibody).  

 
RNA ISOLATION 
 
Reagents: 
1. Tri-reagent (Trizol poly-phenol) 
2. Chloroform 
3. Isopropanol 
4. 75% Ethanol (50 mL) 

a. 37.5 mL of Anhydrous Ethanol (-20°C) 
b. 12.5 mL sterile ddH2O 
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Important: 
1. Dispose test tubes and pipette tips that have come into contact with the tri-reagent in the 

phenol waste bags under the fume hood.  
2. Change gloves frequently and sterilize them with 70% ethanol.  
3. Use sterile pipette tips and Eppendorfs.  
4. Make sure homogenizer and centrifuge are available for use. 
 
Procedure: 
Day 1:  
1. In fume hood, pipette 1 mL of Tri-reagent into each pre-labeled 2mL Eppendorf with 1/3rd of 

the gastrocnemius muscle. Keep on ice. 
2. Homogenize muscle in TissueLyser with sterile metal beads at 30 Hz for 1 min, twice, or 

until fully homogenized.  
3. Remove blocks, check for homogeneity and repeat if necessary (flip orientation of blocks for 

each cycle). 
4. Remove beads with magnet and let stand at RT for 5 mins. 
5. Add 200𝜇l chloroform to each Eppendorf. 
6. Shake vigorously for 15secs under fumehood and observe colour change. 

a. Should look cloudy pink. 
7. Let stand at RT for 2-3 mins. 
8. Centrifuge at 16,000g for 15 mins at 4°C. 
9. Transfer upper aqueous phase (clear) to 1.5mL Eppendorf tubes. 

a. Ensure you do not disturb the other phases (affects RNA purity). 
10. Add 500𝜇l isopropanol to each Eppendorf. 
11. Shake vigorously for 15secs and store at -20°C overnight. 
 
Day 2:  
12. Let stand at room temperature for 10 minutes. 
13. Spin at max speed (16,000g) for 10 minutes at 4°C. 
14. Discard Supernate by pouring into waste container, remover the remaining volume using a 

p200. 
15. Add 700𝜇L of 75% Ethanol to each sample. Wash by lightly pipetting along the wall to lift 

the pellet, take extra precaution to NOT resuspend the pellet. 
16. Spin at max speed (16,000g) for 10 min at 4°C. 
17. Discard Supernate and remove excess liquid with p200 pipette. 
18. Carefully leave pellets to air dry for 25-40 minutes. 

a. Place Eppendorfs with their lids open facing upside down on Kim-wipe. 
b. Cover with top with Kim-wipe. 

19. Dissolve pellet in 10-30𝜇l st. dd H2O (dependent on pellet size) by gently pipetting up and 
down. 

20. Measure RNA concentration using the Nano Drop. 
 

MEASURING [RNA] USING THE NANO DROP 
 
Notes: Always sterilize your hands and pipettes with Ethanol and use sterilized pipette tips.  
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Blank the System  
1. Open the Nano Drop 2000 program on the desktop.  
2. Click Nucleic Acid. 
3. In the top right change:  

i. “Type:” from “DNA” to “RNA”; and  
ii. “Conc:” to “ug/uL” Blank the System  

4. Open the Nano Drop lid and add 1 uL of molecular grade sterile H20 to the Close lid 
carefully. 

5. Click Blank (in top left corner). 
6. Wait for message “Load your sample and press measure button.” 
7. Type Blank 1 in “Sample ID:” field. 
8. Open the Nano Drop lid and add 1 𝜇L of molecular grade sterile H2O to the small metal test 

platform.  
i. Close lid carefully. 

9. Click Measure (in the top left corner). 
i. Wait for message “Load your sample and press measure button.”  

ii. Take 3-4 measurements. 
iii. Values should be 0.00_ _  

10. Clear “Sample ID:” field and type in Blank 2. 
11. Open the Nano Drop lid and add 1 𝜇L of molecular grade sterile H20 to the small metal test 

platform. 
12. Click Measure (in the top left corner) and once again take 3 readings.  

i. Values should once again be at 0.00_ _  
 
Measuring Sample Concentrations 
13. In the “Sample ID:” field, input the name/description of your first sample.  
14. Open Nano Drop lid and add 1 𝜇L of Sample 1 onto the small metal test platform.  
15. Click Measure and wait for the reading to appear.  

i. Take 3-4 readings per sample and ensure that readings are within 1/100th 
of the others.  

16. Repeat for all samples. Export Data.  
17. In Excel, calculate average of the 3-4 “Nucleic Acid Conc.” values for each sample.  
18. NOTE: take note of the 260/280 and 260/230 columns. The value should be ~2.00 in each of 

these columns. Values that are drastically different than 2.00 are considered less pure. 
 
REVERSE TRANSCRIPTION OF CDNA (FIRST STRAND CDNA SYNTHESIS) 
 
Reagents: 
1. Master Mix 1 (MM1): 

a. 1ul Oligo(dt) 20 
b. 1ul 10mM dNTP 
c. Keep on ice 

2. Master Mix 2 (MM2): 
a. 4ul 5x first-strand buffer 
b. 1ul 0.1M DTT 
c. Keep on ice 
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3. RNase OUT 
a. Store at -20°C (temperature sensitive) 

4. SuperScript III RT 
a. Store at -20°C (temperature sensitive) 

 
Procedure: 
1. Place all reagents related to cDNA preparation to thaw on ice, except for the temperature 

sensitive ‘RNase OUT’ and ‘SuperScript III RT’ reagents. 
2. Prepare your working cDNA samples (pipette plan) by following the order of sterile water, 

then your extracted RNA, and finally the correct volume of MM1 and mix well.  
3. Keep samples on ice. 
4. Use the thermal cycler to initiate the amplification stage of the procedure. 

a. 65°C for 5 mins 
5. Let samples stand on ice for 1 min. 
6. Add the 5ul of MM2 to each tube and transfer to the thermal cycler. 
7. Work with the temperature-sensitive reagents one at a time. 

a. Add 1ul RNase OUT to each Eppendorf. 
b. Add 1ul SuperScript III RT to each Eppendorf. 

8. Run the appropriate file in the thermal cycler. 
a. 50°C for 50 mins 
b. 72°C for 20 mins 

9. Dilute samples (in new tubes) to a 1:40 concentration. 
a. 1µL cDNA stock 
b. 39µL sterile water  

10. Store both stock and working concentrations at -20°C until ready for qPCR. 
 

REAL-TIME QPCR 
 
Reaction settings:  
• 25µL reaction volume. 
• Initial holding stage (95°C for 10 min).  
• Amplification cycles (40x: 60°C for 1 min, 95°C for 15 secs). 
 
DNA INJECTION AND ELECTROPORATION INTO MOUSE HINDLIMB MUSCLE 
 
Materials:  

• 29 gauge insulin syringe, ½” needle (Ultrafine, Becton Dickson)  
• Forceps (sterile)  
• Plasmid DNA: 50µg plasmid of interest + 1µg of pRL-CMV plasmid (use NanoDrop to 

determine DNA concentration)  
• ECM 830 Electroporation system (BTX)  
• 0.7cm tweezertrodes (BTX) 
• Conductive Gel 
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DNA preparation:  
DNA is prepared to produce plasmids inserted with the promoter of interest (ATF4) upstream of 
the luciferase gene. The DNA plasmid is stored via stab cultures, in glycerol, at -80°C for long-
term storage. DNA was isolated using a MaxiPrep isolation kit (Qiagen, HiSpeed Plasmid Maxi 
Kit) following the manufacturer’s instructions. Transfection efficiency is determined through the 
co-transfection of the pRL-CMV (renilla luciferase) plasmid, assuming the cells were transfected 
with the pRL-CMV plasmid. 
 
Injection preparation:  
Sample calculation:  
[1.5Kb ATF4 + pGL3] = 2.20µg/µl (measured after isolation via NanoDrop) 
∴ 50µg of [1.5Kb ATF4 + pGL3] = 50/2.20=22.72µl of plasmid DNA   
 
[pRL-CMV]=1.00µg/µl (stock solution is kept at this concentration, measured via NanoDrop)  
 ∴ 1µg of [pRL-CMV] = 1/1 = 1µl of plasmid DNA   
 
Volume up to 30µl with 0.9% sterile saline or PBS.   
 
22.72ul of plasmid DNA [1.5Kb Tfam+pGL3] + 1µl of plasmid DNA [pRL-CMV] +6.28µl 
sterile saline/PBS = 30µl to be injected into muscle   
 
Injection procedure:  
1. Animals are anesthetized using isoflourane.  
2. Set the appropriate parameters on the electroporator (100 V/cm2, 20ms pulse duration, 200ms 

interval, 10 pulses, unipolarity).  
3. Both hindlimbs near the gastrocnemius muscle are shaved (to remove fur).  
4. The injection site is sterilized by applying iodine (Providine solution) and ethanol. 
5. A prefilled syringe (containing 50µg of plasmid DNA of the gene of interest, 1µg of plasmid 

DNA of the control plasmid in a 30µl solution with 0.9% sterile saline) is used for injection 
into the muscle, with the animal on its back. 

6. Insert the needle of the syringe no more than 1-3mm into the muscle, and ensure injection 
takes place along 3 sites of the muscle.   

7. Remove the needle from the muscle very slowly, and observe if there are any leaks from the 
injection site. 

8. Apply conductive gel to the Tweezertrodes, and position them over the skin, and on either 
side of the muscle in a direction parallel to the muscle fiber orientation.  

9. Pulse the muscle (10x) and observe contraction of the muscle. 
10. Switch the polarity by reversing the orientation of the electrodes and pulse the muscle again.  
11. Repeat steps 5-9 on the contralateral hindlimb. 
12. Remove the isoflurane anesthetic and allow the animal to recover for 7 days without any 

further handling.  
13. Perform the in situ contractile activity protocol and harvest the gastrocnemius muscle for 

promoter activity analysis using a luciferase assay. 
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GASTROCNEMIUS MUSCLE PREPARATION FOR LUCIFERASE ASSAY  
 
Reagents: 
• 5X Passive Lysis Buffer 
• 1X Passive Lysis Buffer (800µl  ddH2O, 200µl  5X Passive Lysis Buffer) 
• ddH2O 
 
Procedure:  
1. Add 200µl of 5X passive lysis buffer (PLB) into 800µl  of ddH2O to dilute 5-fold.  
2. Add 150µl of this now diluted 1X PLB into 1.5ml Eppendorfs.   
3. Pound a portion of the gastrocnemius muscle at the temperature of liquid nitrogen into a fine 

powder using a mortar and pestle.  
4. Weigh 30mg of this powdered tissue into the 1.5ml Eppendorfs already containing 150µl of 

1X PLB to make a 5X dilution of tissue. 
5. Mix samples by flicking the Eppendorfs briefly and sonicate samples 3 X 3 seconds on ice.  
6. Centrifuge at 16,100g in centrifuge for 10 minutes at 4°C.  
7. Retain supernate and transfer them to new 1.5ml Eppendorfs. Use these supernate for a 

luciferase assay on the same day. 
 
LUCIFERASE ASSAY 
 
Promega “Dual-Luciferase® Reporter Assay System”  
Product#E1910  
Store at 4°C 
 
Reagents: 

• 10ml Luciferase Assay Buffer II (LARII). 
• 1 vial Luciferase Assay Substrate (Lyophilized Product).  
• 10ml Stop & Glo® Buffer. 
• 200µl Stop & Glo® Substrate, 50X.  
• 30ml Passive Lysis Buffer, 5X. 

 
Reagent Preparation:  
1. 1X PLB: Add 1 volume of 5X Passive Lysis Buffer (PLB) to 4 volumes of distilled water. 

Mix well.  
a. Store at 4°C (≤1 month).  

2. LAR II: Resuspend the lyophilized Luciferase Assay Substrate in Luciferase Assay Buffer II  
a. Store at –20°C (≤1 month) or –70°C (≤1 year).  

3. Stop & Glo® Reagent: 
a. To the required amount of Stop & Glo® Buffer, add 50X Stop & Glo® Substrate to 

a final 1X concentration. 
i. For example, add 20.4ul of 50X Stop & Glo® Substrate to 979.59ul of 

Stop & Glo® Buffer to make a 1X solution of Stop & Glo® Reagent.) 
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Measurement of Luciferase activity: (shown beside) 
1. Using an opaque white 96-well plate, load 100ul of LARII reagent into 

required wells.  
a. Samples require triplicate readings; thus, 9-wells must be loaded 

for background control, control and stimulated samples, 
respectively.  

2. Add 20ul of 1x PLB (background control), control and stimulated samples. 
3. READ: measure firefly luciferase activity. 
4. immediately add the 1X solution of Stop & Glo® Reagent into the same 

wells to quench the firefly luciferase activity and initiate renilla luciferase 
activity. 

5. READ: quench and read. 
6. Correct firefly Luciferase values to renilla luciferase reading and average 

triplicates per sample. 
 
NUCLEAR AND CYTOPLASMIC EXTRACTION 
 
Thermo-Scientific "NE-PER Nuclear and Cytoplasmic Extraction Reagents"  
Product# 78835  
Store at 4°C. 
 
Notes: 

• Fresh cells/tissue samples. 
• Inhibitors (protease and phosphatase) required (l:l00 for each) 
• Centrifuge at 4°C. 
• Keep all samples and extracts on ice. 

 
Reagents:  

• Protease inhibitors (cocktail 2 and 3), phosphatase inhibitor. 
• Phosphate-buffer-saline (PBS - 0.1M phosphate, 0.15M NaCl. pH 7.2) 
• CERI, CERII, NER (comes in kit). 

 
Tissue preparation:  
1. Place fresh tissue (gastrocnemius portion weighing ~40 mg) into a 1.5 mL Eppendorf 

containing PBS and inhibitors (100:1).  
a. Keep on ice until use. 

2. Cut tissue into small pieces and place into a 20mL homogenizing tube using 400Ul of CERI.  
3. Homogenize with a Dounce homogenizer. 

a. Go all the way to bottom and move up and down, slowly. 
b. Ensure you do not leave the solution and create an air bubble (keep pestle 

submerged). 
c. ~2-5 minutes. 

4. Pour resultant suspension into l.5mL Eppendorf. 
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Cytoplasmic and nuclear protein extraction: 
1. Vortex on highest setting for 15 seconds to suspend the tissue. Incubate on ice for 10 

minutes.  
2. Add ice-cold CERII (22ul) to the tube. 
3. Vortex the tube for 10 seconds on the highest setting. Incubate on ice for 1 minute. 

a. Shake while vortexing. 
4. Vortex the tube for 15 seconds on the highest setting. Centrifuge the tube for 10 minutes at 

maximum speed in a microcentrifuge (16,000g).  
5. Immediately transfer the supernatant (cytoplasmic extract) to a clean pre-chilled tube. Place 

on ice until storage or use. 
6. Wash pellet- suspend in PBS and spin at max for 30 seconds – 3X.  
7. Suspend the pellet m NER (200uL). 
8. Sonicate (3x3) at 30% power. 
9. Vortex for 15 seconds and place on ice for 10 minutes - X4 (total of 40 minutes). 
10. Centrifuge at max (16,000g) for 10 minutes. 
11. Immediately transfer the supernatant (nuclear extract) to a clean, pre-chilled tube. 

a. Both the liquid and semi-solid phase. 
12. Use immediately or store at -80°C. 
  
IN VITRO MRNA DECAY ASSAY 
 
Reagents: 
1. Tri-reagent (Trizol poly-phenol) 
2. Chloroform:Isopropanol mixture  
3. Isopropanol 
 
Preparation of cytosolic (S15) extracts:  
1. Centrifuge the previously isolated cytosolic fraction supernate at 4°C for 15 minutes at 15000 

g and transfer the resulting postmitochondrial supernate (S15) to a sterile 1.5ml Eppendorf.  
2. Determine the protein concentration of the S15 fractions using the Braford total protein 

assay. These extracts can be used immediately in the assay, or store at -20°C.   
 
in vitro decay reaction:  
1. Incubate total RNA (35µg) and S15 extract (20µg) in a sterile 700µl Eppendorf. Volume up 

the reaction to a 100µl with sterile water and incubate in a water bath set to 37°C.  
2. A baseline control must be made, which allows for an estimation of the amount of RNA 

present in the sample not exposed to the S15 extract.  
a. This sample consists of total RNA (35µg) and 5ul homogenization buffer, 

volumed up to 100µl.  
b. Add 200µl Trizol to this reaction immediately, shake vigorously (~15 seconds) 

and set aside on ice.  
3. Remove aliquots after selected time points (30, 60 and 90 minutes) and add 200µl of Trizol 

to stop the decay of the mRNA substrate.  
a. Shake vigorously (~15 seconds) and place on ice.  

4. Once all samples have been collected at all time points, add 150µl of the 
Chloroform:Isopropanol mixture. 



 
 

132 

a. Shake vigorously (~15 seconds) and rest at room temp for 2-3 minutes. 
5. Centrifuge samples at 16,000g for 15 minutes at 4°C.  
6. Immediately transfer the aqueous phase to a sterile 1.5ml Eppendorf.  
7. Add 150µl of Isopropanol and shake vigorously (observe bubbles).  
8. Precipitate samples at -20°C overnight. 
9. The next day, let samples stand at room temperature for 10 minutes. 
10. Centrifuge samples at 4°C for 10 minutes (16,000g).  
11. Wash and resuspend the pellet with 700µl of 75% ethanol and spin in a tabletop centrifuge at 

16,000g for 10 minutes (4°C).  
12. Pour off the supernate, and air dry the pellets.   
13. Resuspend the pellet in 10-20µl of sterile water.  
14. Measure [RNA] and store samples at -80°C. 
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