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ABSTRACT 

Maintenance of the mitochondrial protein folding environment is essential for organellar and 

cellular homeostasis. The Mitochondrial Unfolded Protein Response (UPRmt) is a protein quality 

control mechanism that relieves intraorganellar proteotoxic stress in a manner dependent on 

activating transcription factor 5 (ATF5) during mitochondrial dysfunction. Protein homeostasis 

can temporarily be disrupted by acute exercise, inducing the UPRmt. Using WT and whole-body 

ATF5 KO animals, we sought to determine the role of ATF5 in regulating basal mitochondrial 

content and function, in addition to acute exercise-induced changes in UPRmt signaling. Our data 

reveal that ATF5 is required in the maintenance of a high-quality mitochondrial pool and 

mediating the transcription of UPRmt genes during exercise. However, the specific mechanisms by 

which ATF5 and the UPRmt coordinate the preservation of mitochondrial homeostasis and whether 

they are required in mediating mitochondrial adaptations to chronic exercise are avenues of future 

work.  
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1.0. SKELETAL MUSCLE   

  

1.1. Introduction: The Importance of Skeletal Muscle in Human Health  

Superb locomotive ability and adaptation of metabolism to the external environment were 

once essential for human survival, and fundamental reasons why Homo Sapiens prospered and 

evolved [1].  The evolutionary theory describes natural selection as “survival of the fittest”, as 

those who had superior endurance capacity and the ability to thermoregulate could obtain nutrient-

rich food, essential for the development and evolution of humanity that thrives today.  Optimal 

muscular fitness was, and still is, a pinnacle of whole-body health, and a plethora of research is 

dedicated to unravelling its functions in mediating systemic homeostasis and preventing metabolic 

diseases [2].   

Skeletal muscle is one of three muscle types within the body, alongside cardiac and smooth 

muscle, and comprises approximately ~40% of total human body weight.  Uniquely, skeletal 

muscle is of a malleable and ‘plastic’ nature, having the capacity to alter its structural, 

physiological and molecular phenotypes to match the tissue’s energy demands in response to 

external stressors [3].  The main function of skeletal muscle is utilizing cellular energy in the form 

of ATP and converting it into mechanical energy to facilitate locomotion and maintenance of 

posture.  This organ accomplishes this whilst being a regulatory hub in the coordination of whole-

body energy metabolism, regulating substrate utilization, energy expenditure, glucose homeostasis 

and heat production [4–6]. These beneficial qualities of muscle identified from both mechanical 

and metabolic perspectives reveal this organ to be crucial in the acquisition of functional 

independence and a positive quality of life [6,7]. 
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1.2. Skeletal Muscle Physiology  

 1.2.1. Structural Physiology of Skeletal Muscle  

In order to be able to interpret the adaptive features of skeletal muscle that make it such an 

integral component of the body’s physiology, it is important to appreciate its distinct architecture 

and morphological features.  This tissue consists of cylindrical, elongated muscle fibers referred 

to as ‘myofibers’ that are organized in parallel to eachother and enveloped in a sheath of connective 

tissue, giving rise to its ‘striated’ description.  Myofibers are composed of bundles of myofibrils, 

housing muscle’s basic contractile units called sarcomeres, made up of actin and myosin proteins 

repeated in units.  Muscle tissue is additionally laden with capillaries for oxygenation and motor 

neurons for innervation.  The physiology of muscle activation is referred to as excitation-

contraction coupling, describing the coordination of neural transmission and the mechanical action 

of the actin-myosin cross-bridges to generate force.  At the neuromuscular junction, the α-motor 

neuron releases the neurotransmitter Ach into the synaptic cleft, which binds to AchRs at the post-

synaptic terminal. Depolarization of the muscle cell triggers calcium release from the sarcoplasmic 

reticulum, promoting actin-myosin interaction and subsequently, a muscle contraction via the 

power stroke, in a manner that is dependent on ATP hydrolysis [7].  Muscle is composed of 20% 

protein, and contains approximately 50-75% of the body’s proteins, justifying its requirement to 

be multinucleated, providing regulation of gene programs for protein synthesis along the length of 

the myofiber [8].  Myonuclei reside beneath the sarcolemma of myofibers and regulate the 

transcription of gene programs to control protein expression in a localized manner, dependent on 

external stimuli and myogenic factors.  Muscle satellite cells localized under the basal lamina 

additionally control protein synthesis, contributing to muscle growth, repair and regeneration [7,9]. 
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1.2.2. Fiber Types 

Alongside the structural and cellular characteristics of mammalian skeletal muscle that 

deem it a unique organ, this tissue is also extremely heterogenous in nature, in that it possesses 

four different types of muscle fibers.  Fiber types are typically classified based on their contractile 

speed, ranging from fast to slow-twitch. They additionally differ in their contractile, metabolic and 

oxidative phenotypes, and have different adaptive capacities to respond to altered functional 

demands [10].  The common classified fiber types in humans are: Type I, STR; Type IIa, FTR; 

IIx, FTW, with type II fibers being more glycolytic, and type I fibers being oxidative [11].  Rodents 

also express Type IIb, which is more fast-twitch and glycolytic than IIx fibers.  STR and FTR fiber 

types are recruited primarily during endurance exercise and are the most fatigue-resistant, due to 

their enhanced levels of oxidative enzymes to facilitate aerobic metabolism.  In contrast, FTW 

fibers are typically recruited during high-intensity, phasic exercise, as they are composed of larger 

motor units and produce more force.  However, they are more fatigable, as they rely on glycolytic 

metabolism.  Although fiber types are typically delineated based on the expression of the myosin 

heavy chain (MHC) isoform, the following criteria also contribute to their classification: 1) twitch 

kinetics (Myosin ATPase activity), 2) calcium handling in the cytosol, 3) calcium release/uptake 

from/into the SR, 4) mitochondrial content, 5) expression of oxidative and glycolytic enzymes, 6) 

capillarization, 7) isoforms of muscle proteins, and 8) properties of motor unit recruitment [12–

14].  Fiber type conversions are observed following periods of exercise and disuse, represented by 

the following paradigm describing changes in MHC isoform expression: MHC IIx ⇄ MHC IIa ⇄ 

MHC I. Mechanical overload and endurance exercise typically elicit increases in the proportion of 

IIa fibers with reductions in IIx and IIb fibers, while detraining and immobilization induce fiber 

type switches to those of a more glycolytic nature, due to changes in the biochemical characteristics 
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of fibers outlined above.  Interestingly, mitochondrial content among fiber types may differ 

between humans and animals [15].  Type II fibers undergo more hypertrophy and signaling toward 

protein synthesis, following electrical stimulation and resistance exercise [16,17], and are also 

more susceptible to atrophy during sarcopenia [18,19].  From a metabolic perspective, an increased 

amount of type IIx fibers is associated with obesity and type 2 diabetes [11,20], most likely as a 

result of smaller mitochondrial pools, altered insulin sensitivity and lipid metabolism [21,22].  The 

general physiology and phenotypic characteristics of fiber types are important to consider as they 

influence their adaptations to exercise and their susceptibility to pathologies, revealing 

implications not just in muscle performance, but also in overall health.       

1.2.3. Cellular Physiology of Skeletal Muscle  

1.2.3.a. Mitochondrial Structure: Multiple Membranes are Better than One  

Mitochondria are derived from a common ancestral organelle, that originated from the 

integration of a proteobacterium into a eukaryotic cell via endocytosis [23].  The genesis of the 

mitochondrion in this manner explains its double-membraned structure, and the presence of its 

own genome, a double-stranded plasmid referred to as mtDNA, encoding 13 proteins, 22 tRNAs 

and 2 rRNAs [24].  The basic understanding of mitochondrial structure and its internal organization 

was tremendously enhanced by the development of electron microscopy techniques performed on 

rat liver mitochondria in the 1990s [25,26].  This revealed the presence of two distinct organellar 

compartments 1) the mitochondrial matrix, encompassing the space created by the extensive folds 

of the IMM (cristae), and 2) the IMS, located between the OMM and the IMM.  Determination of 

protein composition of the matrix is a tightly regulated process, as transport across the IMM is 

extremely selective, occurring through specialized protein import machinery [27].  The 

mitochondrial proteome consists of ~1200 proteins, and since mtDNA only encodes for 37, the 



  6 

 

rest are transcribed in the nucleus [28].  Once translated in the cytosol, they are linearized by 

chaperones, including HSP70 and HSP90, and are imported into the matrix in a manner dependent 

on membrane potential.  Subsequently, they are refolded by mitochondrial chaperones HSP60 and 

HSP10 and transported to their destined locations within the organelle [29].  Once folded into 

functional proteins, both nuclear and mitochondrially-encoded proteins are utilized in the assembly 

of holoenzymes, a critical event in the production of new mitochondria (mitochondrial biogenesis). 

  1.2.3.b. Mitochondrial Function: Life in the Reticulum 

The classical depiction of mitochondria are singular, bean-shaped structures that are the 

‘powerhouses’ of the cell, with the sole function of generating ATP to fuel cellular and metabolic 

functions.  This simple view of mitochondria is an underrepresentation of not only its 

morphological architecture in the cell, but also of its variety of roles that this organelle has within 

the cell.  It is now known that these organelles exist within many cell types as a reticulum, a 

continuous membranous network in which mitochondria are both electrically coupled and 

physically bound.  Branching in both longitudinal and transverse directions, mitochondria are 

linked via nanotunnels, facilitating the sharing of substrates, and the maintenance of ion and 

electrical homeostasis [30].  Their morphological connectivity in the cell establishes them as 

critical regulators of general cellular homeostasis, being involved in cell signaling, stress 

responses, calcium-ion control, redox homeostasis and mediating programmed cell death 

(apoptosis) [31–34].  The dynamic and multifaceted qualities of the mitochondria have remarkable 

implications for skeletal muscle, establishing them as critical regulators of muscle mass, fitness, 

and substrate metabolism, contributing to whole-body vitality in health and disease. 

It is not only their extensive distribution that allows them to exert tremendous influence on 

the cellular milieu, but also their extremely labile nature.  The mitochondria and the cells in which 
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they inhabit form a beautiful, reciprocal relationship.  A product of its environment, the 

mitochondrial network responds to altered functional demands on the muscle to either expand or 

become fragmented [35].  Furthermore, the extent of mitochondrial connectivity influences 

organellar bioenergetic and metabolic function, and the efficiency of numerous mitochondrial 

quality control pathways.  Upon increased contractile and energetic demands, the mitochondrial 

network can expand via biogenesis and fusion processes to increase the capacity of muscle for 

ATP synthesis, oxygen consumption, and oxidation of carbohydrates and lipids.  Fusion of the 

outer and inner mitochondrial membranes, orchestrated by OPA1 and MFN2, permits expansion 

of the reticulum.  Conversely, proteins Drp1 and Fis1 regulate mitochondrial fission – the division 

of mitochondria into smaller pieces, or fragments.  When mitochondria are dysfunctional, they 

undergo fission and degradation (mitophagy) processes to re-establish metabolic homeostasis and 

promote mitochondrial recovery.  Upon local dysfunction, the defective mitochondrion is 

separated from the reticulum to be subsequently retracted and degraded through mitophagy 

[36,37], preventing the spread of regional deficiency to the entire organelle network.  More recent 

work has revealed the existence of two distinct types of fission, either in the periphery or midzone 

of mitochondria, that predicates either organellar degradation or proliferation, respectively [36].  

Thus, the distribution, volume and shape of the mitochondrial network reflects the balance of these 

processes, determined by the energy demands and metabolic status of the cell [38].  Elongated and 

reticular mitochondria, a product of biogenesis and fusion processes, is associated with healthy 

skeletal muscle, being identified as a beneficial adaptation to exercise [35,39].  Conversely, 

impaired fusion and excess fission yields more fragmented and ‘simple’ muscle mitochondria, 

observed in conditions of disuse-induced atrophy, aging, metabolic diseases and mitochondrial 

myopathies [30,35,40–42].  The remarkable plasticity of the mitochondrial pool in skeletal muscle, 
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and the physiological significance of their function establishes them as important mediators of 

muscle homeostasis, lying at the crossroads of health and disease. 

 1.2.3.c. Mitochondrial Populations in Skeletal Muscle 

As a total population, mitochondria make up approximately 2-7% of skeletal muscle 

volume [43].  Exclusive to the organ, mitochondria are present as two distinct populations, with 

one group located beneath the sarcolemma (SS mitochondria), and the other positioned between 

myofibrils (IMF mitochondria).  In addition to their differing subcellular localizations, these two 

subpopulations are morphologically, functionally and biochemically divergent.  Differential 

centrifugation has been routinely employed to physically separate mitochondrial fractions and 

delineate their enzymatic and proteomic differences [44,45].  More recently, quantitative mapping 

of muscle has allowed for the computational visualization of the mitochondrial network, 

characterizing the biological significance of transitions in SS and IMF mitochondrial morphology 

in cellular function [30].  As such, SS mitochondria tend to be more punctate and globular in their 

shape, while IMF organelles, in contrast, form more complex and interconnected structures [30], 

making up the majority of total mitochondrial volume.  The SS pool resides close to the surface of 

the muscle fiber, proximal to myonuclei, providing ATP for ion and substrate transporters, and for 

nuclear gene transcription.  The proximity of this subpopulation to nuclei makes them quite labile 

and vulnerable to intracellular signaling, as mitochondrial turnover is more pronounced in SS 

mitochondria during conditions of use and disuse in comparison to IMF [46,47].  However, IMF 

mitochondria possess higher rates of respiration, protein import and synthesis, and located adjacent 

to sarcomeres, provide ATP for muscle contractions [44,45,48,49].  The contrasting bioenergetic 

contributions and adaptive plasticities of SS and IMF mitochondria in muscle cells represent the 

unique and dedicated nature of the organ to maintain its own homeostasis and optimal physiology. 
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These characteristics reveal the existence of diverse regulatory mechanisms coordinating the 

constant provision of ATP to meet the organ’s ever-changing metabolic requirements, supporting 

the human body’s need for locomotion and functional efficiency. 

      1.2.3.d. Electron Transport Chain 

 Living up to their popularized name as the powerhouses of the cell, the mitochondria 

produce the cellular energetic currency, ATP, in a process called oxidative phosphorylation.  The 

energetic and metabolic potentials of the cell (its ability to produce ATP and metabolize substrates) 

are dependent on ADP availability, and cytosolic concentrations of NADH and NAD+.  Located 

within the cristae of the mitochondria, five multi-protein complexes and two mobile electron 

carriers make up the electron transport chain, wherein the transport of electrons via iron-sulfur 

clusters is coupled with ATP synthesis (Fig.1).  This mechanism is based on the chemiosmotic 

hypothesis, a theory proposed by Peter Mitchell in 1961 [50].  The presence of a mitochondrial 

membrane potential and the establishment of an electrochemical gradient, created by the pumping 

of protons from the matrix into the IMS, provides the energy necessary to produce ATP.  The 

positive charges of the hydrogen ions create an electrical gradient, while the discrepancy in ion 

concentration between either side of the IMM forms a chemical gradient, facilitating the flow of 

protons through ATP Synthase and subsequently, ADP phosphorylation to yield ATP.  In 

conditions of low ADP availability, electron flow can be uncoupled from ATP production by 

protons passing through UCP3 to be dissipated as heat (thermogenesis), also known as State IV 

respiration (passive) [51].  This relieves the PMF and prevents the leaking of electrons from the 

ETC that could form free radicals and cause mitochondrial damage.  State III respiration (active), 

however, occurs when ADP availability is high, such as during exercise, where hydrogens can pass 

freely through ATP Synthase, diminishing the PMF and generating less ROS [51].   
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 To begin, oxidizable substrates, NADH and FADH2, are produced in Krebs’ Cycle as by-

products during the metabolizing of ingested carbohydrates and lipids (Fig. 1).  NADH is oxidized 

into NAD+ at Complex I (NADH dehydrogenase), upon which 2 electrons are released, creating 

energy to pump hydrogen ions into the IMS.  In a similar fashion, FADH2 is oxidized into FAD+ 

at Complex II (succinate dehydrogenase), and catalyzes the conversion of succinate to fumarate, 

acting as an additional entry point for electrons.  Both Complex I and II transfer electrons to UQ, 

however, the release of electrons at Complex II is not accompanied by proton translocation.  

Complex III (cytochrome bc1 complex) receives electrons from UQ and transfers them to the 

electron carrier cytochrome c, thereby reducing it, while translocating hydrogens into the IMS.  

Complex IV (COX) also acts as proton pump, upon its oxidation of cytochrome c.  COX is also a 

unique complex in that it “holds” oxygen until it receives four electrons to become stable, acting 

as the final electron acceptor.  With the addition of four hydrogens, one oxygen molecule is 

reduced to yield two water molecules, terminating electron flow.  Subsequently, the 

electrochemical gradient generated by the PMF provokes hydrogen ions to pass through ATP 

Synthase into the relatively negatively charged matrix, creating energy necessary to phosphorylate 

ADP to produce ATP.  Free ADP is provided by ATP hydrolysis at Myosin ATPase during muscle 

contractions, where ADP is transported into the matrix via ANT, and acts as the rate-limiting step.  

Under conditions of low ADP availability, more hydrogens are dissipated through UCP3 and 

passed off as heat, and there is an increase in electrons that “leak” from the respiratory chain, 

generating ROS.  Of note, heat and ROS molecules are known to be potent signaling initiators, 

influencing downstream molecular mechanisms [52]. 

 

 



  11 

 

 

Figure 1. The Electron Transport Chain.  The electron transport chain (ETC) in the 

mitochondria is comprised of multi-protein complexes with the purpose of producing cellular ATP 

to fulfill the organelle’s bioenergetic function.  Electrons derived from oxidizable substrates 

(NADH and FADH2,), produced in the Krebs’ Cycle, are oxidized by Complex I and Complex II, 

respectively, driving the pumping of H+ into the IMS at Complex I, III and IV.  As electrons are 

passed from complex to complex, some may leak out into the matrix and bind to oxygen, forming 

superoxide anions (O2
-) that can be converted into hydrogen peroxide (H2O2), also known as ROS, 

damaging proteins, lipids and DNA, causing mitochondrial dysfunction.  At Complex IV, oxygen 

(O2) acts as the final electron acceptor, and is reduced into water (H2O).  The energy of the proton 

gradient in the IMS (PMF) provokes the passing of H+ through ATP Synthase and creating energy 

for the phosphorylation of ADP to generate ATP.  For this to occur, ADP, produced by ATP 

hydrolysis at Myosin ATPase, passes through ANT within the IMM into the matrix.  In conditions 

of low ADP availability, H+ passes through UCP3 to dissipate the PMF, generating heat and 

uncoupling electron flow from ATP synthesis. 
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2.0. Skeletal Muscle Adaptations to Exercise 

2.1. Mitochondrial Biogenesis 

 

Exercise presents a challenge to whole-body homeostasis and elicits a complex adaptive 

response. This includes supplying working muscles with substrates and oxygen to account for the 

energy and oxygen deficits that arise in muscle cells from their enhanced metabolic activity during 

contractions.  As previously discussed, the lability and plastic nature of muscle is extremely 

important in mediating the muscular adaptation to exercise, adapting to stressful stimuli that exert 

a functional and metabolic challenge.  Accordingly, these insufficiencies act as potent intracellular 

signals, stimulating molecular pathways to favour the production of new mitochondria 

(mitochondrial biogenesis), and improvements in function (Fig. 2) [53–55].  This process requires 

the coordination of multiple cellular events, including transcription from both nuclear and 

mitochondrial genomes, synthesis of lipids and proteins, integration into the reticulum, and the 

stoichiometric assembly of multi-protein complexes to form the respiratory chain [56].  During 

exercise, the activation of cytosolic kinases influence the activity of transcription factors involved 

in the transcription of mitochondrial genes [57].  Over time, as a consequence of repetitive bouts 

of exercise, the cumulative, transient increases in mitochondrial gene expression results in net 

increases in mitochondrial proteins and subsequently, increases in mitochondrial content [58–62]. 

Physiologically, this improves the metabolic and oxidative phenotype of muscle, with the 

functional consequences of enhanced endurance capacity and resistance to fatigue [59,60].  The 

transduction of exercise-induced physiological stress into transcriptional reprogramming has been 

extensively investigated in muscle using human, animal, and cell models, revealing a plethora of 

intricate molecular pathways coordinating mitochondrial biogenesis and establishing exercise as 

“muscle mitochondrial medicine” [63]. 
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Figure 2. The UPRmt in relation to the mitochondrial life cycle - mitochondrial biogenesis 

and mitophagy.  A) Contractile activity of muscle during exercise generates various intracellular 

signals, including increases in ROS production, cytosolic Ca2+ concentrations, NAD+/NADH, and 

AMP/ATP.  These alterations in the cellular milieu activate signaling kinases, which activate and 

induce the nuclear localization of the master regulator of mitochondrial biogenesis, PGC-1α.  

Acting as a transcriptional co-activator, PGC-1α binds to NRF1 and other transcription factors to 

induce the transcription of NUGEMPs.  Upon their export from the nucleus, mitochondrial 

mRNAs are translated on cytosolic ribosomes, linearized and shuttled to the mitochondria by 

cytosolic chaperones HSP70 and HSP90.  These proteins (termed pre-proteins) possess a 

positively-charged cleavable presequence on their N-terminals that is removed upon its import into 

the matrix. B) The maintenance of protein homeostasis (proteostasis) is integral in the maintenance 

of mitochondrial function.  As such, mitochondria are equipped with specific enzymes to maintain 

optimal proteostasis within the matrix, including chaperones HSP60, mtHSP70 and proteases ClpP 
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and LONP.  However, the import of NUGEMPs into the matrix via TOMs and TIMs (PIM) may 

temporarily disrupt proteostasis, as the amount of imported pre-proteins may exceed the number 

of chaperones and proteases that work to refold and degrade these proteins, respectively. This 

causes an accumulation of misfolded proteins, causing temporary mitochondrial proteotoxicity.  

C) These proteins are broken down into peptides by ClpP and exported into the cytosol, inhibiting 

the mitochondrial import of ATF5.  As it additionally harbours a NLS, this prompts the 

translocation of ATF5, where it binds to UPRmt response elements on the promoters of its 

downstream targets, upregulating the expression of UPRmt genes, including HSP60, LONP and 

mtHSP70.  The increased expression of these enzymes mitigates proteotoxicity and rescues 

proteostasis, allowing for mitochondrial biogenesis to occur, which also includes the fusing of the 

growing organelle to the reticulum by fusion proteins OPA1 and MFN2.  D) Alternatively a 

dysfunctional organelle that cannot recover from stress is characterized by excessive ROS 

production, proteotoxicity and a dissipated membrane potential (∆Ψ). In this case, the 

dysfunctional organelle is removed from the reticulum via fission by proteins FIS1 and DRP1.  

The organelle is subsequently engulfed by an autophagosome, mediated by Ubiquitin chains and 

proteins p62 and LC3-II, and degraded at the lysosomes, generating amino acids. E) As part of the 

translational attenuation mechanism of the UPRmt, also involving the ISR, mitochondrial ROS and 

proteotoxicity cause the phosphorylation of eIF2α.  This induces the preferential translation of 

ATF5, CHOP, and ATF4 to enhance their protein expression, while reducing global translation. 
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2.1.1. Acute Exercise and Training 

The stimulus of acute endurance exercise carries a molecular signature that imposes 

significant effects on muscle.  This encompasses the physiological signals generated and the state 

of the tissue, being in an untrained or trained state.  An acute bout of exercise stimulates the nuclear 

localization of transcription factors and the subsequent expression of mitochondrial genes, 

observed approximately 2-8 hours post-exercise, with kinase activation, and transcriptional 

activity occurring immediately after the exercise bout [55,64–68].  Although currently up for 

debate, the intensity-dependent degree of metabolic perturbation during acute exercise seemingly 

modulates the mitochondrial biogenesis mRNA response in muscle [54,69].  The surges in various 

metabolites, including intracellular lactate, AMP and ADP, indicative of cellular stress, occur 

proportional to exercise intensity and initiate mitochondrial signaling cascades [70].  Similar to 

MICT, HIIT and SIT stimulate this [69], however, PGC-1α mRNA abundance has been found to 

increase in an intensity-dependent manner, associated with greater activation of kinases [54,71].  

Thus, the strength of the metabolic signal is important to consider as different exercise intensities 

may have divergent influences on mitochondrial stress responses, affecting mitochondrial 

biogenesis.  

In line with evidence illustrating the importance of exercise intensity on mitochondrial 

biogenesis, pioneering work by John O. Holloszy revealed that a progressive increase in workload 

throughout a training protocol is fundamental in eliciting adaptive increases in mitochondrial 

content [58].  His work also suggested improvements in mitochondrial function can be achieved 

with the “right” exercise conditions described above, although smaller than observed in 

comparison to changes in density, which is supported by more recent work in the field [72].  The 

notion that “surprising” the muscle with unaccustomed intensities enhances the metabolic response 
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and subsequent adaptive signaling is something researchers have known for some time [73,74]. 

High mitochondrial content in muscle achieved with training is associated with attenuated 

metabolic disturbance and associated kinase phosphorylation [75,76], yielding smaller changes in 

intracellular metabolites and PGC-1α mRNA in response to the same absolute workload when 

compared with untrained muscle [72,75,77]. Interestingly, only a few exercise bouts are required 

for attenuations in the exercise-induced increases in PGC-1α, COX-IV and cytochrome c mRNA 

to manifest, emphasizing the extreme responsiveness and adaptive capacity of muscle to acute 

exercise [62,78]. The exercise-induced mRNA response of UPR markers, indicative of cellular 

protein folding stress, is also blunted with training [79], further defining the reduced transcriptional 

sensitivity of trained muscle to exercise.  This novel finding also characterizes contractile activity 

as a beneficial stressor, exerting protective effects against further homeostatic disruption and 

mitigating the requirement for the activation of acute stress responses.   

 2.1.2. PGC-1α 

PGC-1α is a transcriptional coactivator that stimulates the transcription of mitochondrial 

genes, with its prominent influence being in highly metabolic organs, such as the heart, liver, brain, 

adipose tissue and skeletal muscle.  It was first discovered to provoke adaptive thermogenesis in 

brown adipose tissue [80], and is now identified as the “master regulator” of exercise-induced 

mitochondrial biogenesis in skeletal muscle [81].  Intracellular signals invoked during contractile 

activity induce the activation and nuclear translocation of PGC-1α [66,67,82,83], where it interacts 

with the nuclear receptors NRFs, PPARs and ERRα to increase the transcription of NUGEMPs 

[84–86].  Of note, PGC-1α stimulates the transcription of TFAM through its interaction with NRF-

1, where although transcribed in the nucleus, is imported into the mitochondria and regulates 

transcription of genes encoded by mtDNA [87,88].  Furthermore, PGC-1α controls the expression 
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of a plethora of genes that regulate muscle metabolism and physiology, including those involved 

in angiogenesis and fatty acid and glucose metabolism [86], significantly contributing to the 

remodeling of the muscle phenotype [89].  Its muscle-specific overexpression promotes fiber type 

switching to more slow-twitch, type I oxidative fibers characterized by increased mitochondrial 

content [81], and functional improvements in oxygen uptake and exercise performance [90].  In 

contrast, the ablated expression of PGC-1α reveals its regulatory role in the coordination of basal 

mitochondrial homeostasis in muscle, as prominent reductions are observed in mitochondrial 

content and function [68,91,92], confirmed in animal models and myotubes.  In the acute response 

to exercise, PGC-1α KO muscle displays attenuated mitochondrial biogenesis and mitophagy 

signaling, in conjunction with enhanced metabolic stress and reduced endurance capacity versus 

WT animals [68,92,93].  However, PGC-1α is not required for training-induced mitochondrial 

adaptations in young muscle, revealing the existence of pathway redundancies in the molecular 

response to exercise to improve mitochondrial health [91,94].   

 2.1.3. Signaling 

Muscle contractile activity alters levels of intracellular metabolites and molecules to 

initiate signaling toward mitochondrial biogenesis (Fig. 2).  The most commonly considered 

pathways are stimulated by contraction-induced rises in calcium due to release from the SR, 

activating CaMKs; increases in AMP derived from ATP hydrolysis and myokinase acting on 

AMPK; increases in mitochondrial ROS production stimulating action of p38 MAPK; and a rising 

NAD+/NADH ratio triggering SIRT-1 function [95,96].  Cytosolic calcium is robustly increased 

during muscle contractions, as its release from the SR through voltage-gated channels is triggered 

by the depolarization of the cell during neuromuscular stimulation.  Its activation of the CaMKs 

(CaMKIV, CaMKII) phosphorylates CREB [97,98], which binds to the CRE element on the PGC-
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1α promoter, while activation of CAMKKβ directly phosphorylates and activates AMPK [99].  

Furthermore, calcium activates the phosphatase Calcineurin, which dephosphorylates and induces 

the nuclear localization of MEF2, stimulating transcription of PGC-1α [100].  Next, AMPK 

activity is known to coordinate PGC-1α transcription and mitochondrial biogenesis [101].  AMPK 

binds to the E-box on the PGC-1α promoter and interacts with transcription factor USF-1 to drive 

its transcription [102], while also directly phosphorylating it post-translationally to enhance its 

activity [103]. Increases in ROS production during exercise also activate AMPK [101], JNK [104–

106], and p38 MAPK, which phosphorylates ATF2 and MEF2, coinciding with enhanced PGC-

1α mRNA [107].  AMPK and CAMKII also phosphorylate HDACs, leading to their nuclear 

exclusion and relieving their inhibitory effects on MEF2 transcriptional activity on the PGC-1α 

promoter [71].  The dynamic fluctuations in the cytosolic NAD+/NADH ratio, indicative of cellular 

redox potential, are also a critical node in exercise-induced signal transduction.  An increase in the 

ratio, established by increasing NAD+ levels from NADH oxidation at complex I during exercise, 

activates the SIRT-1 deacetylase, provoking the activating deacetylation of PGC-1α [108,109].  

Based on what was just described, the multitude of molecular pathways that converge on PGC-1α 

to induce the transcription of mitochondrial genes are extremely interrelated, forming complex 

networks [110].  This exquisite quality of muscle cell signaling allows for compensatory 

alterations to occur in the absence of specific proteins, and for beneficial adaptations to occur, 

highly dependent on the nature of the exercise stimulus and the cellular environment, awarding 

skeletal muscle its infamous and impressive plasticity. 
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2.2. Mitochondrial Protein Handling and Import 

 

Mitochondrial biogenesis is a product of multiple coordinated molecular events, with the 

aims of increasing the expression of mitochondrial proteins, and expanding the surface area of the 

reticulum. In response to exercise, increases in mitochondrial gene expression are also 

accompanied by cardiolipin synthesis, expression of PIM, import kinetics, and mitochondrial 

fusion [111–113]. A unique characteristic of mitochondria is their protein composition, being 

made up of proteins that originate from both nuclear and mitochondrial genomes.  Proteins 

translated from mRNAs transcribed in the nucleus require import into the mitochondria, in a 

manner dependent on membrane potential, via specialized import machinery (PIM) (Fig. 2). Upon 

recognition of a mitochondrial presequence on the protein’s N-terminus, the protein is imported 

through both membranes, and the presequence is finally cleaved in the matrix.  The protein can 

subsequently be incorporated into the organelle and carry out its functions.  Protein import also 

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

dysfunction and triggering adaptive stress responses, including the UPRmt [114,115] and 

mitophagy [116].  Characterized as crucial in exercise-induced mitochondrial biogenesis [117], 

chronic stimulation and voluntary exercise yield improved import of precursor proteins and TOM 

and TIM protein expression [118–120].  The expression of mitochondrial chaperones HSP60 and 

mtHSP70 and the cytosolic chaperone HSP70 is also increased with CCA, which are crucial 

components of the protein import process [121,122]. These molecular changes with exercise are 

important for the assembly of holoenzymes, including those in the ETC, which are made up of 

specific stoichiometric proportions of nuclear and mitochondrially-encoded proteins [123].  As the 

necessary proteins encoded by the nucleus are being incorporated into mitochondria, the 
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machinery responsible for network fusion are also being upregulated during exercise [35], 

resulting in expansion of the reticulum.        

2.3. Mitochondrial Turnover (Mitophagy) 

The degradation of organelles and long-lived proteins in the cell is referred to as autophagy, 

and although seemingly counter-intuitive, autophagy is required in the maintenance of muscle 

mass and function, with deficiencies in this process leading to diminished strength, muscle 

wasting, reduced endurance capacity and metabolic defects [124–127]. When discussing the 

specific degradation of mitochondria, the term mitophagy is used.  In addition to exercise-induced 

biogenesis to improve the mitochondrial content of muscle, it is also vital to remove/degrade any 

dysfunctional mitochondrial segments via mitophagy, in order to improve and maintain the quality 

of the mitochondrial pool (Fig. 2) [128,129].  Defective basal mitophagy results in the 

accumulation of abnormal and dysfunctional mitochondria that consume less oxygen and produce 

more ROS [124,130,131], significantly contributing to the physiological and metabolic 

perturbations of muscle that occur in the absence of proper mitochondrial clearance.  Mitophagy 

occurs as such: organelles with a dissipated membrane potential and/or excessive ROS production 

are cleaved from the reticulum via fission and tagged for degradation through the attachment of a 

ubiquitin chain by Parkin, an E3 ubiquitin ligase [132].  The mitochondrial recruitment of Parkin 

is mediated by the accumulation of PINK1 on the OMM due to its failed import into the defective 

mitochondrion, resulting in its activating phosphorylation of Parkin and OMM proteins [133]. 

Induction of autophagic machinery is induced by multiple intracellular signals initiated during 

exercise, resulting in the lipidation of LC3-I into its active form, LC3-II, mediating nucleation and 

growth of the phagophore [133]. Next, the phagophore selects its cargo destined for degradation 

and encapsulates the damaged mitochondria.  The adaptor protein Sqstm1/p62 binds to ubiquitin 
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chains attached to the organelle, in addition to LC3-II on the phagophore, and the growing 

membrane develops into a double-membraned autophagosome [116,134].  After travelling down 

microtubule tracks in the cell, the autophagosome fuses with lysosomes where its contents are 

degraded by proteolytic enzymes resident within the lysosomal lumen, generating amino acids to 

be utilized in protein synthesis [116].    

Muscle activity is a potent stimulus for mitophagy signaling, as the intracellular energetic 

imbalance that is sensed by AMPK, in addition to biogenesis, also initiates mitophagy through its 

phosphorylation of ULK1 and induction of the appropriate molecular machinery [135].  Acute 

exercise stimulates increases in mitophagic gene expression and mitophagy flux [68,132], an effect 

that is attenuated with training [132], most likely as a result of a more functional and abundant 

mitochondrial pool, reducing the requirement for exercise-induced signaling to clear dysfunctional 

organelles [76].  Exercise training in rodents and humans increases basal autophagy and mitophagy 

gene and protein expression in muscle [129,136,137], although, CCA models elicit reduced 

mitophagy flux, suggesting that an improvement in mitochondrial quality reduces the need for 

mitochondrial turnover [138,139].  In addition to its influential role in basal muscle homeostasis, 

autophagy is also required for exercise training and CCA-induced mitochondrial adaptations in 

muscle, and improved muscle performance [129,131,140].  Unsurprisingly, within the myriad of 

genes regulated by PGC-1α are those involved in mitophagy, establishing the master regulator of 

mitochondrial biogenesis to also coordinate mitochondrial turnover.  During exercise, PGC-1α 

contributes to the upregulated expression of mitophagy genes [68,129,141], in addition to the 

transcription and nuclear localization of TFEB [93,142], a transcription factor involved in 

lysosomal biogenesis [143].   
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3.0. The Mitochondrial Unfolded Protein Response (UPRmt) 

 

Encompassing all the topics outlined above, the genesis and maintenance of a 

mitochondrial pool in skeletal muscle is a complex compilation of events, vulnerable to enhanced 

physiological demands.  In these contexts, it is imperative for the cell to monitor the integrity of 

the mitochondrial network and initiate an appropriate response for beneficial adaptations to occur.  

Of the many facets of mitochondrial maintenance, the regulation of the mitochondrial proteome is 

of particular interest.  Its mosaic composition, being largely comprised of nuclear-encoded proteins 

and some mitochondrially-encoded proteins, establishes the organelle to be quite vulnerable to 

dysregulations in proteostasis, occurring in response to a multitude of mitochondrial stressors 

[144–146].  Proteins originating from the nuclear genome require import into the mitochondrion 

and subsequent refolding, to then be incorporated into holoenzymes in the process of 

mitochondrial biogenesis.  The import of pre-proteins and their handling by MQC enzymes 

(chaperones and proteases) is a finely orchestrated process, and conflicts with the synchronisation 

of these events can lead to the accumulation of mis-folded preproteins.  Their accretion may exceed 

the number of chaperones and proteases, reflective of the organelle’s folding capacity, causing 

proteotoxic stress.  Speaking to the complex and versatile nature of the mitochondria, these 

organelles have developed an intricate protein quality control mechanism to monitor protein 

homeostasis and trigger compensatory and adaptive responses, via the UPRmt [147].  Through 

retrograde signaling mechanisms, the mitochondria communicates to the nucleus, promoting the 

expression of various chaperones and proteases in an attempt to restore intramitochondrial 

homeostasis and maintain organellar function [148–153].   
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3.1. The UPRmt in Caenorhabditis elegans (C. elegans) 

 

This pathway was originally discovered in mammalian cells [154], but in the recent decade, 

research performed in the nematode C. elegans has been monumental in expanding the molecular 

characterization of this pathway [114,115,155–157].  Dysregulated UPRmt signaling is observed 

in neurodegeneration, cancer, and congenital disorders [158–162], illustrating the importance of 

this signaling mechanism in the maintenance of cellular homeostasis.  During various forms of 

mitochondrial stress, the import efficiency of ATFS-1 into mitochondria was found to be a key 

point of regulation within the UPRmt, as it possesses both a NLS and MTS [115].  Unfolded 

proteins within the mitochondrial matrix can be proteolytically processed by the ATP-dependent 

protease, ClpP, and the subsequently-derived peptides are exported into the cytosol via HAF-1, an 

ATP-binding cassette transporter that resides in the IMM [163,164]. In healthy cellular conditions, 

ATFS-1 is mitochondrially-imported and subsequently degraded by LONP1 [149]. However, 

during conditions of mitochondrial dysfunction, in a mechanism that is seemingly dependent on 

peptide efflux, the import of ATFS-1 into the mitochondria is perturbed, prompting its subsequent 

translocation to the nucleus where it activates the UPRmt by inducing the transcription of stress-

responsive genes [114,149,164].  ATFS-1 also positively regulates the transcription of import 

components, antioxidant enzymes, and autophagy markers, while negatively regulating the 

expression of OXPHOS transcripts, and shifting metabolism toward glycolysis [156].  In parallel 

to the transcriptional regulation of the UPRmt, alterations in protein translation and synthesis also 

occur in the cell.  During excessive ROS production, the kinase GCN2 phosphorylates ribosomal 

eIF2α and attenuates global protein synthesis, revealing mitochondrial function and translational 

capacity to be coupled in order to maintain cell viability [155,165].  These unique signaling 

mechanisms channel the cell’s transcriptional and translational energy toward the synthesis of 
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protective markers during initial repair, thus matching biogenesis and protein folding load with its 

proteostatic capacity.  In doing so, mitochondria can overcome the acute homeostatic threat, and 

become equipped with an abundance of protein handling machinery to deal with future challenges. 

3.2. The Mammalian UPRmt 

  

 3.2.1. Transcriptional Regulation 
 

In mammals, similar to retrograde pathways discovered in lower-level organisms 

[166,167], the UPRmt was discovered to expand mitochondrial protein quality control under 

conditions of stress and mitochondrial deficiency [168–170], named after the classic UPR that 

senses disruptions in proteostasis in the ER [171–174].  Evidence describing the mammalian 

UPRmt is rudimentary, thus, pathways described below are characterized from studies in 

mammalian cells, as very little work has been dedicated to the UPRmt in muscle.  In early work, 

depleting cells of mtDNA and inducing heat shock induced the expression of the stress-responsive 

chaperones HSP60/10 and proteases ClpP and YME1L1 [175].  Later, the same effects were 

achieved upon the overexpression of a terminally-misfolded matrix protein (∆OTC) to induce 

mitochondrial proteotoxicity, in a manner dependent on transcription factors CHOP and C/EBPβ 

[148,151,154,176,177].  These two transcription factors heterodimerize and bind to CHOP 

elements present in the promoters of downstream targets in the UPRmt, flanked by two UPRmt 

response elements [177].  Of note, although CHOP regulates genes involved in the UPRer, ∆OTC 

overexpression did not induce ER chaperones, suggesting a compartment-specific response that is 

exclusive to the initiation of mitochondrial-protective genes during mitochondrial proteotoxicity 

[32,177], a phenomenon that was also revealed in C.elegans [157].  Great progress in the 

investigation of the UPRmt has been made using other pharmacological and genetic interventions 

to trigger this pathway.  These include the knockdown of protein import components and 
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proteostatic machinery [146,178], treatment with pesticides to impair OXPHOS [146,179], the 

inhibition of mitochondrial transcription and translation [145,146,180–182], and NAD+ repletion 

[144,183–185].  UPRmt activation also occurs naturally in contexts of disease and tissue injury, 

including during cardiac injury [185,186], mitochondrial diseases [181,187] and in cancers [188], 

generating possibilities of exploiting UPRmt genes as potential therapeutic targets.        

The UPRmt is suggested to be the first line of defence against mitochondrial stress.  If the 

stress cannot be alleviated, in instances of chronic dysfunction, mitophagy is activated to eliminate 

the dysfunctional organelles, and if it persists, the activation of apoptosis/cell death occurs [168].  

Although, recent novel work suggests that the UPRmt is downstream of the mitophagy pathway, as 

it is activated upon the inhibition of mitophagy, preserving mitochondrial homeostasis and cardiac 

function [189].  Nevertheless, the UPRmt signaling pathway is fairly acute in its activation, and is 

conserved between organisms.  Misfolded proteins that accumulate in the mitochondrial matrix 

are broken down into peptides by ClpP and transported into the cytosol by a mechanism unknown 

in mammals (Fig. 2) [190]. This peptide efflux inhibits mitochondrial protein import [178], 

particularly that of ATF5 [146], which is discussed below.  Consequently, this activates PKR, 

which in turn phosphorylates JNK2, resulting in the activation of the transcription factor c-Jun 

[191–194].  Via AP-1 sites in their promoters, upon its nuclear localization, c-Jun stimulates the 

transcription of CHOP and C/EBPβ, inducing the expression of UPRmt genes [176] with the aim 

of restoring mitochondrial proteostasis.  The further accumulation of protein aggregates is also 

prevented by blocking protein import via degradation of TIM17A by the protease YME1L1 [195] 

and the ISR-mediated phosphorylation of eIF2a [179,194], which is described below in 

Translational Regulation.   
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3.2.2. ATF5: A Mediator of Retrograde Signaling in the UPRmt 

   Exceptional advances in the characterization of the mammalian UPRmt were achieved upon 

the identification of ATF5, a stress-responsive bZIP protein of the CREB/ATF family, that 

mediates mitochondrial-nuclear communication during mitochondrial stress.  The ~31 kDa ATF5 

protein is made up of 283 amino acids and possesses a DNA-binding domain, facilitating binding 

to CRE, ARE, AARE and MURE sites, in addition to a C-terminal bZIP region facilitating its 

interaction with other proteins of its family [196,197].  Intriguingly, ATF5 mRNA retains two 

uORFs, influencing its translation in diverse cellular conditions, which is described in greater 

detail in the subsequent section.  It was first described by Nishizawa and Nagata in 1992, as they 

found it to interact with the GPE1-BP on the GPE1 gene, an LPS-inducible regulatory element 

within the G-CSF promoter, a protein produced in macrophages [198].  Since then, the 

characterization of ATF5 has greatly expanded.  Highly abundant in the liver, a great amount of 

literature is dedicated to describing its role in the cellular response to starvation and amino acid 

limitation as it mediates the transcription of the asparagine synthetase gene [199,200], in addition 

to its requirement in neuronal differentiation and maturation [201,202].  Its steadfast role in cell 

survival [160,203] has coined ATF5 to be a critical therapeutic target in neurodegeneration [204] 

and particularly cancer, as a wealth of research proves its depletion to prevent tumour growth and 

disease progression [159,161].  Although ATF5 is emerging as an influential mediator of the 

cellular stress response, it remains in the shadow of ATF4, a prominent transcription factor 

regulating both cell survival and cell death [192,205], of which ATF5 has been suggested to be a 

member of its subfamily [206].  However, in 2016, ATF5 became novel in its own right, as it was 

revealed to be a potent transcription factor in the UPRmt, participating in mitochondrial and nuclear 

localization [146].  A Mitoprot screen identified ATF5 to have a NLS and an N-terminal MTS 
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similar to ATFS-1, revealing it to be its mammalian homologue [146].  Importantly, the 

overexpression of ATF5 restores UPRmt function in nematodes lacking ATFS-1 [146], prompting 

further investigation into the function of this transcription factor in mediating the cellular stress 

response. 

The function of ATF5 in the UPRmt has been primarily investigated in mammalian cell 

models, revealing it to be upregulated in response to a plethora of cellular stressors [207].  This 

work has motivated the investigation of ATF5 in the context of mitochondrial-specific stressors.   

The ATF5 transcript is upregulated during mitochondrial dysfunction stimulated by excessive 

ROS production, mitochondrial proteotoxicity [146], and mitophagy inhibition [189].  

Furthermore, the import efficiency of ATF5 into mitochondria seems to regulate its nuclear 

translocation to induce the transcription of its downstream UPRmt targets, including HSP60, 

mtHSP70 and LONP1 during various mitochondrial stressors in cells, while also being required in 

the maintenance of basal mitochondrial function (Fig. 2) [146].  However, in the absence of stress, 

ATF5 localizes to mitochondria, revealing its cellular localization and organelle-partitioning 

activity to be dependent on cellular conditions, comparable to events in worms.  The involvement 

of ATF5 in this mitochondrial stress response is somewhat illustrated in muscle, as ATF5 

transcripts are upregulated in skeletal muscle during mitochondrial myopathy [181], β-adrenergic 

stimulation [208], and in myoblasts during impaired protein translation [209].  Currently, more 

evidence of ATF5 regulating a UPRmt exists in cardiac muscle in the context of cardiac injury.  

ATF5 is upregulated during mechanical and pharmacological cardiac insult, and is required for 

activation of the UPRmt and its rescuing of mitochondrial and cardiac function in animals and 

cultured cardiomyocytes [185,186,202].  Very recent work has identified increases in ATF5 

mRNA and that of its downstream targets involved in the UPRmt in heart muscle of FUNDC1-KO 
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animals, lacking mitophagy processes [189].  This proves exciting, as this establishes a tentative 

connection between the ATF5-mediated UPRmt and mitophagy in mammalian tissue, two 

mitochondrial quality control mechanisms whose molecular relationship is ill-defined.  However, 

the nuclear translocation of ATF5 requires further investigation and observation in different 

cellular stress conditions, particular in response to exercise stress in muscle, to definitively identify 

this transcription factor as a critical mediator of the stress-induced adaptive transcriptional 

response.  Despite this, one can gather that ATF5 retains a beneficial role in improving organ 

function upon mitochondrial dysfunction and injury, creating a foundation for the pursuit in 

investigating its action in muscle.     

The regulation of ATF5 expression in the UPRmt is multifaceted, in that in addition to its 

cellular localization, its transcription and translation is also controlled to enhance its expression 

under stressful conditions.  ATF5 transcription is suggested to lie downstream of the PKR/JNK2/c-

Jun/CHOP pathway during mitochondrial dysfunction as described in the previous section, and is 

also regulated by ATF4 in various cellular stress conditions [207].  However, once the ATF5 gene 

is transcribed, it is subject to regulation by an additional regulatory mechanism to modulate its 

translation and subsequent expression of its protein.  The ATF5 transcript possesses two uORFs, 

with the 5’ leading ORF (uORF1) promoting its expression, and the downstream ORF (uORF2) 

being inhibitory.  The “choice” of which uORF is subject to ribosomal scanning is controlled by 

cellular stimuli, influencing the phosphorylation state of eIF2α [207], providing the UPRmt with 

an additional layer of homeostatic control.  This is discussed in further detail in the following 

section. 
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3.2.3. Translational Regulation: The UPRmt and the ISR 

In addition to alterations in transcriptional signaling that occur, cellular translation and 

protein synthesis are also subject to changes in response to elevated mitochondrial stress, resulting 

in the selective translation of ATF5, CHOP and ATF4 [210].  Activation of the ISR, an adaptive 

program complementary to the UPRmt, is required for this translational shift [211,212].  The ISR 

has been coined as a crucial rheostat in the cellular response to disruptions in homeostasis by 

inducing a protective translational program to reduce the protein folding load of the cell, stimulate 

the transcription of cytoprotective genes, and rescue organellar dysfunction [169].  Comprised of 

four distinct kinases, the ISR receives input signals during stress from different subcellular 

compartments, including the mitochondria and the ER, to converge on the phosphorylation of 

eIF2α [169,213]. Notably, in C. elegans, ROS production activates GCN2, while in mammals, 

mitochondrial dysfunction during ETC inhibition activates kinases GCN2 and HRI, while 

mitochondrial proteotoxicity is observed to activate PKR [179,194,195,205,214–216], 

upregulating CHOP and ATF4 expression.  In a translational triaging mechanism, the 

phosphorylation of eIF2α causes ribosomal stalling, attenuating global protein translation and 

favouring the selective translation of mRNAs harbouring inhibitory uORFs in their 5’ UTRs [217].  

Delayed re-initiation of the ribosome allows the complex to bypass the inhibitory uORF and 

translate the coding sequence, culminating in the increased protein expression of ATF5, CHOP 

and ATF4 (Fig. 2) [207].  During a plethora of cellular stressors, including thapsigargin treatment 

(ER stress), arsenite exposure, and proteasome inhibition, all three transcription factors are 

upregulated, and notably, ATF5 translation and protein expression is increased, in a manner 

dependent on GCN2 and eIF2α phosphorylation [218].  This novel work is mostly performed in 
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mammalian cell models of stress, requiring further investigation into the regulation of this pathway 

during mitochondrial-specific stress in skeletal muscle.   

The coordination and function of the ISR and the UPRmt have been tentatively 

characterized in skeletal muscle.  CHOP is known to influence basal mitochondrial content [219] 

and subsequently, exercise metabolism and performance [79].  Furthermore, ATF4 has been 

recently established as the main effector of the ISR responding to mitochondrial stress [205], and 

is required in mediating a collection of cellular adaptations during mitochondrial myopathy in 

muscle, including amino acid synthesis, autophagy and metabolic remodeling [181].  Both 

transcription factors can transcriptionally regulate ATF5 [218,220], although, their activation does 

not always elicit ATF5 expression and UPRmt activation downstream [172,178,205,214].  It is 

interesting to note that although the signaling pathways of the ISR and the UPRmt overlap, there is 

significant independence between the transcriptional and translational responses that occur during 

mitochondrial stress [191,195], with the activation of one not necessarily inducing, or requiring 

the other.  In future investigations, it is worthwhile to question the exact mitochondrial 

perturbations that induce the UPRmt and the ISR, and whether they occur simultaneously, or at 

different time points following the induction of the stressor.  With the mitochondria existing at the 

centrum of intersecting signaling axes of stress responses, further knowledge on the various ways 

in which these pathways are connected, or distinct, could greatly improve the field’s understanding 

of how mitochondria adapt to physiological challenge. 

3.2.4. The UPRmt and Exercise in Skeletal Muscle 

More evidence is beginning to emerge concerning the role of the UPRmt in mediating 

adaptations to exercise in muscle, in addition to the relationship between the expression of UPRmt 

markers and muscle development. Increases in ATF4 and ATF5 expression have been observed 
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during myoblast differentiation [219,221], and interestingly, CHOP and ATF4 are only 

upregulated in response to mitochondrial dysfunction in myoblasts and not myotubes, suggesting 

a role for the cellular metabolic status in activation of stress responses [179].  Furthermore, the 

expression of UPRmt markers are downregulated in aged muscle [222], and in MuSCs from aged 

mice [183], coinciding with declines in mitochondrial and muscle function that occur with 

advancing age [42,223].  Exercise rescued the expression of UPRmt markers in aged muscle [222], 

while NR treatment, a known inducer of the UPRmt by enhancing NAD+ pools [144,185], improved 

UPRmt activation, mitochondrial function, and rescued MuSCs from senescence [183].  

Furthermore, eliciting the UPRmt with PARP inhibitors boosts energy expenditure in mouse 

skeletal muscle [184,224], and improves mitochondrial function and fatty acid oxidation in 

myotubes of obese humans [224].  Together, these results indicate a potential link between 

mitochondrial quality and UPRmt signaling in the maintenance of skeletal muscle homeostasis 

throughout the lifespan and in the presence of metabolic defects. 

It has been established to great lengths in this review that skeletal muscle is an extremely 

malleable tissue, able to alter its intracellular signaling to match the increased physiological 

demands placed upon it.  It is no surprise then, that attention is being shifted toward the regulation 

of the UPRmt and the UPRer during exercise, and how signaling within these pathways is linked to 

mitochondrial biogenesis in muscle. Acute treadmill exercise upregulates the gene expression of 

ISR/UPRer markers, namely CHOP and ATF4 in mouse muscle [79], two transcription factors that 

have the potential of inducing UPRmt signaling. Increases in the phosphorylation of eIF2α are also 

observed [79], suggesting the potential regulation of ATF5 protein expression with acute exercise.  

Resistance exercise and endurance exercise differ in their stress stimuli on muscle, creating a 

divergence in the molecular pathways that they stimulate.  As such, their influence on 
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mitochondrial adaptations also differ, producing different cellular outcomes and phenotypic 

alterations [225].  Thus, it is of interest to observe discrepancies in UPRmt signaling between 

resistance and endurance-type exercise.  One bout of unaccustomed resistance exercise induces 

increases in UPRer proteins [226,227], but not those of the UPRmt or the ISR, suggesting a limited 

stress response in mitochondria during muscle overload.  CCA, a model commonly used in animals 

and cells to mimick the effects of exercise, is also capable of eliciting acute unfolded protein 

response signaling [121,122,219].  UPRmt markers are upregulated at the onset of CCA in rodents, 

and is attenuated with subsequent bouts [122], coinciding with data illustrating the blunted 

response of mitochondrial gene expression with multiple exercise bouts [62].  In line with this, 

exercise training is suggested to improve the basal expression of UPRmt proteins [222], as well as 

blunt the UPRmt response to acute exercise [79], supporting the wealth of evidence outlined 

previously, that muscle with greater mitochondrial content experiences attenuated signaling to 

exercise stress [72,76,77].  Furthermore, over the course of a 7-day CCA protocol, changes in 

UPRmt gene expression precede signaling toward mitochondrial biogenesis, indicating a potential 

requirement of the UPRmt in skeletal muscle remodeling following contractile activity [122].  

Collectively, these studies reveal potential putative roles of the UPRmt and the UPRer in regulating 

the molecular response to acute exercise, equipping muscle cells with proteostatic machinery to 

afford protection against future stressors, enabling the maintenance of muscle homeostasis.  

However, the regulation of ATF5 during exercise, and its role in mediating UPRmt and 

mitochondrial biogenesis signaling during acute exercise remains to be elucidated.  

The importance of PGC-1α in mediating mitochondrial adaptations to exercise in muscle 

is extensively characterized [228–230], and recent work suggests a role for this transcriptional co-

activator in UPRmt signaling. Interestingly, PGC-1α KO mice display deficient UPR activation in 
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skeletal muscle, coinciding with exercise intolerance [79]. Furthermore, evidence from 

mammalian cardiac muscle and cardiomyocytes reveals a regulatory function of PGC-1α in 

coordinating ATF5 expression and thus, UPRmt activation in the rescuing of cardiac dysfunction 

during injury [186]. The discovery of this novel PGC-1α/ATF5 regulatory axis in the heart creates 

a possible avenue worth exploring, raising the question of whether this molecular coordination 

holds true in skeletal muscle in the adaptation to exercise stress. 
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RESEARCH OBJECTIVES: 

 

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

 

1. Assess basal mitochondrial content and function in the absence of the UPRmt 

transcription factor ATF5;   

2. Examine the effects of two different acute exercise protocols, one continuous at a 

moderate intensity, and the other exhaustive, on UPRmt signaling in skeletal muscle; 

3. Determine whether ATF5 plays a role in mediating changes in UPRmt gene expression 

and mitochondrial biogenesis signaling in response to acute exercise; 

4. Identify whether ATF5 translocates to the nucleus upon acute exercise stress. 

 

HYPOTHESES 

We hypothesized that: 

1. Basally, ATF5 KO mice will display reduced mitochondrial content and function; 

2. Both exercise protocols will stimulate UPRmt signaling, including upregulations in 

mRNA of ATF5, in addition to that of its downstream targets; 

3. ATF5 KO mice will display attenuated UPRmt signaling in response to acute exercise; 

4. Exercise will stimulate the nuclear translocation of ATF5. 
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ABSTRACT 

 

Over 99% of mitochondrial proteins require import into mitochondria, followed by their folding 

and intraorganellar sorting. Mitochondrial stress can result in the accretion of misfolded proteins, 

establishing a requirement for mitochondrial protein quality control (MQC) strategies. The 

Mitochondrial Unfolded Protein Response (UPRmt) is a compartment-specific MQC mechanism 

that increases the expression of protective enzymes by ATF5 to restore mitochondrial function. 

Contractile activity during acute exercise is a stressor that has the potential to temporarily disrupt 

organellar protein homeostasis, however, the roles of ATF5 and the UPRmt in basal mitochondrial 

maintenance and exercise-induced UPRmt signaling in skeletal muscle are not known. To 

investigate this, we subjected WT and whole-body ATF5 KO mice to a bout of acute exercise and 

collected skeletal muscle tissue immediately after. ATF5 KO animals exhibited 2-fold increases 

in phosphorylated JNK protein levels, indicative of enhanced stress signaling. Muscle from these 

animals also displayed a more abundant, but dysfunctional, mitochondrial pool, with a 15% 

increase in mitochondrial content, 30-40% reductions in respiration, and a 20% increase in ROS 

emissions, corresponding with no changes in exercise performance. The UPRmt proteins mtHSP70 

and LONP were upregulated 20-30% in KO muscle in addition to 40-50% increases in nuclear and 

cytosolic PGC-1α protein. ATF4 mRNA was upregulated 2.5-3.7-fold in KO muscle, along with 

an 8% increase in its nuclear localization. Furthermore, KO muscle showed an impaired UPRmt 

mRNA response to acute exercise, suggesting a regulatory role of ATF5 in basal mitochondrial 

upkeep and the mitochondrial gene expression response to acute exercise stress. 
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INTRODUCTION 

Skeletal muscle is an extremely malleable tissue with a high degree of plasticity, being able 

to alter its structural, physiological and metabolic phenotype in response to altered external 

demands.  Since skeletal muscle makes up approximately ~40% of human body mass, these 

changes elicit important modifications to whole-body metabolism, influencing overall health and 

susceptibility to disease [1–3].  Mitochondria produce cellular energy in the form of ATP, fulfilling 

their role as the “powerhouse of the cell”.  However, they are also influential in the maintenance 

of cellular homeostasis, acting as sensors of energy demand and cell stress and mediating 

retrograde signaling to the nucleus.   

The plastic nature of skeletal muscle is largely due to the adaptability of the mitochondrial 

reticulum, which undergoes extensive remodeling, being a large contributor to improvements in 

muscle endurance from exercise [4,5].  Muscle contractions during voluntary exercise promote 

increases in mitochondrial content via mitochondrial biogenesis, and enhanced mitochondrial 

degradation via mitophagy, enhancing the quality of the mitochondrial pool in muscle [4,6–9].  At 

the onset of exercise in skeletal muscle, early signaling events involved in mitochondrial 

biogenesis are initiated, converging largely on the activation of the transcriptional co-activator 

PGC-1α [10–13].  This “master regulator of mitochondrial biogenesis” coordinates the 

transcription of mitochondrial genes encoded by the nuclear genome (NuGEMPs), which require 

import into the mitochondria via specialized PIM [14–16].  The mitochondrial proteome consists 

of ~1200 proteins, and over 99% of these are transcribed in the nucleus, while less than 1% are 

encoded by mtDNA [17].  The regulation of these proteins, including their proper translation, 

folding, and degradation is referred to as protein homeostasis or “proteostasis” [18,19].  Its 
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maintenance, in addition to the coordinated and synchronized expression of both genomes, are 

integral for biogenesis and for sustaining mitochondrial function. 

The establishment of mitochondrial proteostasis relies on the equilibrium between the 

amount of misfolded proteins and the organelle’s intrinsic folding capacity.  This is determined by 

the amount of chaperone and protease enzymes, with the dedicated functions of refolding and 

degrading misfolded proteins, respectively.  The stimulation of beneficial signaling pathways 

during exercise is dependent on the development of intracellular energetic and molecular 

imbalances.  Likewise, unaccustomed exercise may additionally elicit a proteostatic imbalance, 

generated by an increase in misfolded proteins leading to acute organellar proteotoxic stress 

[20,21], ratifying a need for protein quality control strategies.  As an adaptive mechanism, the cell 

activates a compartment-specific transcriptional program called the mitochondrial unfolded 

protein response (UPRmt) [22–24], named in relation to the UPRer [25].  Utilizing novel 

mitochondrial-nuclear communication, the transcription of UPRmt genes, including mitochondrial-

specific chaperones and proteases, are increased to restore proteostasis within the organelle [26–

28].   

Activating transcription factor 5 (ATF5) has been discovered to be a major regulator of the 

UPRmt in mammalian cells, promoting the transcriptional induction of downstream UPRmt targets 

during mitochondrial stress through promoter UPRmt sites [29].  This is facilitated by its retrograde 

translocation to the nucleus in such conditions [29], while basally, is degraded in the 

mitochondrion, similar to ATFS-1 in C. elegans [28,29].  As part of the ATF/CREB family, the 

ATF5 protein retains a DNA-binding domain allowing it to interact with the promoters of target 

genes in the UPRmt, in addition to a bZIP domain facilitating its interaction with other bZIP 

transcription factors through the formation of heterodimers [30,31].  Primarily abundant in the 
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liver, ATF5 has been investigated in a plethora of cellular conditions.  It is known to be a 

responsive transcription factor during amino acid starvation [32–34], in mediating cell survival 

and proliferation in cancer and neurodegeneration [35–38], and retaining an influential role in the 

maturation of OSNs [39].  However, more evidence is beginning to emerge, supporting its role in 

mediating stress responses in muscle.  ATF5 is upregulated in skeletal muscle during β-adrenergic 

stimulation [40], mitochondrial myopathy [41], and in myoblasts upon impaired protein translation 

[41] and during differentiation [42].  Furthermore, ATF5 has been found to be integral in UPRmt 

activation and rescuing of mitochondrial function upon cardiac insult [43–45], providing 

opportunistic evidence for pursuing ATF5 function and UPRmt activation in skeletal muscle. 

The molecular mechanisms governing mitochondrial biogenesis in response to exercise are 

complex, and seminal work is beginning to reveal potential roles that acute mitochondrial 

proteotoxicity and the UPRmt may have in mediating changes in cell signaling upon contractile 

activity [46–48].  Despite these findings, no work has focused on whether activation of the UPRmt 

is required for mitochondrial biogenesis signaling following acute exercise, and whether ATF5 is 

required in this exercise-induced response, in addition to the maintenance of basal mitochondrial 

homeostasis.  Therefore, our objectives were to: 1) assess the role of ATF5 in the maintenance of 

basal mitochondrial content and function; and 2) examine whether ATF5 and the UPRmt is required 

for exercise-induced UPRmt activation and mitochondrial biogenesis signaling.  

  

METHODS 

Animals and exercise protocols.  ATF5 whole-body KO mice were generated by crossing 

ATF5tm1(KOMP) (Velocigene Project 11612) heterozygotes in a C57BL6/N background, generously 

provided by Stavros Lomvardas from Columbia University, with FVB WT females. Animals were 
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housed in a 12:12-h light-dark cycle and given food and water ad libitum.  The ATF5(-/-) KO 

genotype causes semi-penetrant lethality in neonates, most likely due to improper development of 

olfactory epithelia, compromising pups’ ability to compete for milk.  Thus, ATF5(-/-) KO yields 

are lower than the assumed Mendelian ratios.  To genotype progeny, ear clippings were obtained 

from each animal to make crude DNA extracts.  They were subsequently mixed with JumpStart 

REDTaq polymerase (P0982, Sigma, Oakville, ON, Canada), forward and reverse primers (50 

μM) (Table 1) for the WT and the altered ATF5 gene and subjected to amplification by PCR.  

Reaction products were run on a 1% agarose gel and visualized with the use of ethidium bromide.  

Experimental animals were used at 5.5-7 months of age and separated into either Control (CON) 

or Exercise (EX) groups (n=9-13/group).   

Exercise protocols.  Two different acute exercise protocols were used in this study, where 

animals ran at a fixed 10% slope in both, and acclimatized to the treadmill for three days prior to 

exercising.   One was a bout of continuous exercise, where mice ran at a pace of 15 m/min for 60 

minutes, followed by 18 m/min for 30 minutes.  The other was exhaustive exercise, which was 

completed as follows: 0 m/min for 5 minutes, 5 m/min for 5 minutes. 10 m/min for 5 minutes, 15 

m/min for 5 minutes, 20 m/min for 5 minutes, 25 m/min for 5 minutes, increasing the speed by 1 

m/min every 3 minutes until exhaustion.  Exhaustion was defined as the animal remaining on the 

shock pad for 10 seconds, despite encouragement to run.  Using a small tail bleed, blood lactate 

was measured with a Lactate Scout+ analyzer (EKF Diagnostics, Magdeburg, Germany).  Tissues 

were collected immediately after exercise and either used fresh or stored at -80°C until further 

analysis. 

Cytochrome c oxidase activity.  Activity of the cytochrome c oxidase (COX) enzyme was 

used as a marker of mitochondrial content in muscle.  Using a portion of the TA, tissue lysates 
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were prepared in COX enzyme extraction buffer (100 mM Na-K-Phosphate, 2 mM EDTA, pH 

7.2) and placed on ice.  A test solution containing 20 mg of horse heart cytochrome c (C2506, 

Sigma, Oakville, ON, Canada) was prepared and incubated at 30°C.  Using a multipipette, 240 μl 

of the test solution was added to 50 μl of whole muscle homogenate in a 96-well plate.  The 

maximal oxidation rate of cytochrome c was then measured spectrophotometrically in a Synergy 

HT (Bio-Tek Instruments, Winooski, VT) plate reader, analyzing the change in absorbance at 550 

nm and temperature of 30°C.  For each sample, the COX activity measurement was determined as 

an average of three trials. 

Nuclear and cytosolic fractionation. Nuclear and cytosolic fractions were prepared from 

one freshly extracted whole TA, using NE-PER Extraction Reagents (38835, Thermo Fisher 

Scientific) supplemented with phosphatase and protease inhibitors.  Approximately ~30-50 mg of 

tissue was minced on ice and homogenized in CER-I.  Homogenates were then left to stand on ice 

for 10 minutes.  Following the addition of CER-II, samples were briefly vortexed and centrifuged 

at 16,000 g for 10 minutes at 4°C. The supernatant (cytosolic fraction) was collected.  The 

remaining pellets, containing nuclei and cellular debris, were washed 3 times in cold 1 x PBS and 

resuspended in NER.  Nuclear fractions were then sonicated 3 times for 3 seconds and incubated 

on ice for 40 minutes.  Samples were vortexed every 10 minutes during the incubation then 

underwent centrifugation at 16, 000 g for 10 minutes. The resulting supernatants (nuclear fractions) 

were collected.  Both cytosolic and nuclear subfractions were stored in -80°C until further analysis. 

RNA isolation and reverse transcription.  Approximately 50-70 mg of lysed 

gastrocnemius muscle tissue was combined with TRIzol® reagent (15596018, Life Technologies, 

Carlsbad, CA, USA) and mixed with chloroform.  Samples were centrifuged at 16,000 g for 15 

minutes at 4°C, and the upper aqueous phase was transferred into a new tube with isopropanol and 
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left overnight at -20°C to precipitate.  Samples were once again centrifuged at 16,000 g for 10 

minutes.  The resulting supernatant fraction was discarded, and the pellet was suspended in 30 μl 

of molecular grade sterile H2O.  RNA concentrations and purities were measured using the 

NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).  The Superscript III Reverse 

Transcriptase enzyme (Invitrogen, Waltham, MA, USA) was used to reverse-transcribe 1.5 μg of 

RNA into cDNA.   

mRNA expression using real-time PCR.  The mRNA expression of ATF5, ATF4, CHOP, 

PGC-1𝛼, COX-IV, HSP60, LONP, mtHSP70 and ClpP was measured using the 7500 Real-Time 

PCR system (Applied Biosystems Inc., Foster City, CA, USA) and SYBR Green qPCR Master 

Mix (B21203, BiMake, Houston, TX, USA) in a 96-well plate.  GAPDH and β-2 microglobulin 

were used as housekeeping genes for the normalization of transcript levels.  Each well contained 

SYBR green, forward and reverse primers for the gene of interest (GOI) (20 μM) (Table 1), 10 ng 

of cDNA and sterile H2O to yield a final reaction volume of each well of 25 μl.  Primer 

optimizations were run beforehand to control for primer dimers and nonspecific amplification by 

analyzing melt curves generated by the instrument.  All samples were run in duplicates in tandem 

with negative control wells that contained sterile H2O in the place of cDNA.   

Real-time PCR quantification.  For the quantification of mRNA levels, the threshold cycle 

(CT) value of the GOI was first subtracted from the average CT value of both endogenous reference 

genes to obtain the ∆CT value for the GOI: ∆CT = CT (GOI) - CT (reference).  Next, the ∆CT value 

of the exercised tissue (EX) was subtracted from the ∆CT value of the control tissue (CON) for 

each genotype to obtain the ∆∆CT values for the WT EX, KO CON, and KO EX samples: ∆∆CT = 

∆CT (EX) - ∆CT (CON).  Results are expressed as fold changes above mRNA levels of WT CON 

animals using the ∆∆CT method, calculated as 2-∆∆CT. 
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Immunoblotting.  Whole muscle protein extracts prepared from a portion of the 

gastrocnemius and isolated subfractions were separated on 10-15% SDS-PAGE gels via 

electrophoresis at 120 V for approximately ~90 minutes, and subsequently transferred onto 

nitrocellulose membranes, stained with Ponceau Red and cut at the appropriate molecular weights.  

Blots were blocked in a 5% skim milk solution in TBS-T (25 mM Tris-HCl, 1 mM NaCl, 0.1% 

Tween-20, pH 7.5) or 5% BSA in TBS-T for phosphorylated proteins for one hour at room 

temperature with gentle agitation.  They were then coated with the appropriate primary antibodies 

(Table 2) and incubated overnight at 4°C.  Membranes were then washed 3 x 5 minutes in TBS-T 

solution and incubated with HRP-linked secondary antibodies for one hour at room temperature.  

After another series of wash steps, blots were visualized with enhanced chemiluminescence using 

an iBright CL1500 Imaging System (Thermo Fisher Scientific, Waltham, MA, USA).  

Quantifications were carried out using ImageJ (NIH) software and normalized to the 

corresponding loading controls or Ponceau.  Quantified values were additionally normalized over 

a ‘Standard’ sample that was run on every gel. 

Mitochondrial isolations.  Approximately 700-1000 mg of fresh skeletal muscle tissue 

(one gastrocnemius, two quadriceps, and two triceps) was extracted from anesthetized animals, 

placed in ice-cold buffer, and subsequently minced and homogenized.  To separate SS and IMF 

mitochondria, homogenates were subjected to differential centrifugation at 800 g for 10 minutes.  

The IMF fraction was treated with the nagarse protease from Bacillus lichenformis (P5380, Sigma, 

Oakville, ON, Canada) to break down muscle fibres and liberate the mitochondrial pool.  After 

additional centrifugation steps, both SS and IMF pellets were suspended in resuspension buffer 

(100 mM KCl, 10 mM MOPS, 0.2% BSA pH of 7.4).  Protein concentrations were determined 
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using the Bradford method.  Fresh mitochondrial fractions were utilized immediately to measure 

respiration and ROS emission. 

Mitochondrial respiration.  Oxygen consumption (O2/mg/min) over time in SS and IMF 

mitochondria was measured using a Clark Electrode (Strathkelvin Instruments, North Lanakshire, 

UK). A small volume of either the SS or IMF fraction (50 μl) was incubated with 250 μl of VO2 

buffer (250 mM sucrose, 50 mM KCl, 25 mM Tris base, 10 mM K2HPO4, pH 7.4) while being 

continuously stirred at 30°C.  Respiration rates were determined (nanoatoms O2/min/mg) in the 

presence of 10 mM glutamate for State IV (passive) respiration, and 0.44 mM ADP for State III 

(active) respiration.  Finally, NADH was added to test mitochondrial membrane integrity. 

Mitochondrial ROS emission.  SS and IMF mitochondria (75 μg) were incubated in a 

black polystyrene 96-well plate with VO2 buffer and 50 mM H2DCF-DA (D399, Thermo Fisher 

Scientific) at 37°C for 30 minutes.  The fluorescence emission (480-520 nm) was measured in a 

Synergy HT (Biotek, Winooski, VT, USA) plate reader using Gen5 software.  ROS emission was 

assessed with the addition of 10 mM glutamate in the absence (State IV) or presence (State III) of 

0.44 mM ADP.  Data were normalized to the corresponding respiration rates. 

Statistical analysis.  Data were analyzed using GraphPad Prism 8.0 software and values 

are reported as means ± SEM.  Basal comparisons of WT and KO animals were carried out with 

unpaired student’s t-tests. To compare control values with those of both exercise conditions, a 1-

way ANOVA was performed, while a 2-way ANOVA was used in the comparisons of exercise 

conditions and genotypes, followed by a Bonferroni post-hoc test where necessary.  Statistical 

significance was set at P < 0.05. 
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Table 1. List of primer oligonucleotide sequences used in PCR (genotyping) and real-time qPCR 

for Mus Musculus. 

 

Table 2. List of antibodies used in Western Blotting. 

 

Antibody Manufacturer Catalogue # 

⍺-tubulin Calbiochem (Millipore) CP06-100µg 

H2B Cell Signaling 2934S 

p-SAPK/JNK 

(T183) Cell Signaling 4668S 

t-SAPK/JNK Cell Signaling 9252T 

p-eIF2⍺ (S51) Invitrogen 44728G 

t-eIF2⍺ Cell Signaling 9722S 

ATF5 abcam ab184923 

ATF4/CREB2 Santa Cruz Biotechnology  sc-390063 

VDAC1/Porin abcam ab14734 

PGC-1⍺ EMD Millipore AB3242 

LONP1 Cell Signaling 28020S 

HSP60 Enzo Life Sciences ADI-SPA-806-D 

mtHSP70 Enzo Life Sciences ADI-SPS-825-F 

Anti-Mouse HRP-

linked 2° Cell Signaling 7076S 

Anti-Rabbit HRP-

linked 2° Cell Signaling 7074S 

Gene Forward Primer Reverse Primer 

WT (geno) 5'-GGC TGG CTG GTC ACT TGT C-3' 

5'-GTC CCT GAG GAC TGT GCT TTA 

TC-3' 

ATF5 mut 

(geno) 
5'-GCA GCC TCT GTT CCA CAT ACA 

CTT CA-3' 5'-CAG AGT GGC TTC CTG CTT TAT-3' 

PGC-1⍺ 5'-TTC CAC CAA GAG CAA GTA T-3' 5'-CGC TGT CCC ATG AGG TAT T-3' 

COX-IV 5'-CTC CAA CGA ATG GAA GAC AG-3' 5'-TGA CAA CCT TCT TAG GGA AC-3' 

ATF5 5'-TGG AGC GGG AGA TCC AGT A-3'  

5'-GAC GCT GGA GAC AGA CGT ACA-

3' 

ATF4 5'-GCC GGT TTA AGT TGT GTG CT-3' 5'-CTG GAT TCG AGG AAT GTG CT-3' 

CHOP 5'-CAC CAC ACC TGA AAG CAG AA-3' 5'-AGG TGA AAG GCA GGG ACT CA-3' 

HSP60 5'-CTG GGT GCA AGA GCC ATA TA-3' 5'-GAA AGG CTG CTT CTG AAC TCT-3' 

 mtHSP70 5'-TGG CTA TTA CTG CGG GTT CT-3' 5'-CAT CTG CTC CAC CTC CTC T-3' 

LONP 5'-CGA CTT GCA CAG CCC TAT GT-3' 

5'-CGA ATG TTC CCG TAT GGT AGA 

T-3' 

ClpP 5'-CACACCAAGCAGAGCCTACA-3' 5'-CCCAGCAGAGGAAGTTTCAG-3' 

GAPDH 5'-AAC ACT GAG CAT CTC CCT CA-3' 5'-GTG GGT GCA GCG AAC TTT AT-3' 

β2-

microglobulin 5'-GGT CTT TCT GGT GCT TGT CT-3' 5'-TAT GTT CGG CTT CCC ATT CT-3' 
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RESULTS 

Confirmation of ATF5 KO mouse model.  The ATF5 KO mouse model was confirmed with DNA 

genotyping, through the presence of the mutant ATF5 allele and the absence of the WT allele (Fig. 

1A) [44].  It was additionally confirmed with the abolishing of the ATF5 transcript in KO muscle 

(Fig. 1B). 

ATF5 KO animals exhibit reduced body weight and no changes in exercise tolerance.  The 

phenotypic characteristics of ATF5 KO mice have been described previously [44].  In our study, 

deletion of the ATF5 gene resulted in a reduction in body weight of approximately 21% (P < 

0.0001) (Fig. 2A) without any changes occurring in muscle mass, observed by comparing TA 

weight and body weight (Fig. 2B). To examine the involvement of ATF5 in determining endurance 

capacity, WT and ATF5 KO mice were subjected to an acute bout of exhaustive, incremental 

exercise.  No changes in exercise tolerance were observed between genotypes, represented by the 

distance run by the animal until exhaustion (Fig. 2C). Both genotypes experienced significant 

anaerobic challenge during the exhaustive test, with significantly greater blood lactate levels post-

exercise (P < 0.0001). 

Exercise stimulates the phosphorylation of eIF2𝛂 and JNK.  The phosphorylation of the α 

subunit of ribosomal eIF2 at Serine 51 is a pivotal event during ISR activation, inhibiting global 

protein translation and selectively translating mRNAs with uORFs.  These include the transcription 

factors ATF5, ATF4 and CHOP, which induce the transcription of mitochondrial-protective genes 

in the nucleus.  On the other hand, JNK is a kinase that is highly responsive to acute exercise and  

has been identified to be implicated in UPRmt signaling during mitochondrial stress.  Thus, we 

sought to investigate whether there are discrepancies in acute-exercise induced UPRmt upstream 

signaling, represented by eIF2α and JNK phosphorylation.  
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Figure 1. Genotyping of ATF5 KO animals and mRNA levels.  A) Genotyping of WT and 

ATF5 KO animals was performed by probing for the ATF5 WT (100 bp) and MUT (400 bp) alleles 

with designated primer sets.  Animals were identified as a WT or KO, with WT mice retaining 

only the WT allele, and KO mice having only the MUT allele.  The KO mouse model was further 

confirmed upon the measurement of B) ATF5 mRNA, with the complete abolishment of the ATF5 

transcript in KO muscle. ****P<0.0001, WT vs. KO, unpaired t-test. WT: n=16, KO: n=23. WT, 

wild-type; MUT, mutant. 
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Figure 2. Animal characteristics and response to exercise.  A) Differences in body weight and 

B) TA weight/body weight between WT (n=18) and ATF5 KO (n=26-27) animals.  ***P<0.0001, 

Unpaired t-test, WT vs. KO.  Exercise performance was established in an incremental exhaustive 

exercise test on the treadmill by recording C) Distance to exhaustion, and D) Blood lactate levels 

measured before and after exercise.  In lactate levels, there was an effect of exercise, but no effect 

of genotype. ****P<0.0001, CON vs. EX, 2-way ANOVA. WT: n=4, KO: n=7. 
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Following continuous exercise, no significant changes were observed in phosphorylated eIF2α in 

both WT and KO muscle (Fig. 3A,B).  However, KO muscle appeared to have 20% less 

phosphorylated eIF2α relative to WT (P = 0.08) (Fig. 3A,B).  Interestingly, exhaustive exercise 

elicited greater increases in eIF2α phosphorylation, increasing by 17% in WT muscle and by 47% 

in KO animals (P = 0.07) (Fig. 3A,B).  In contrast, KO muscle retained higher basal levels of 

phosphorylated JNK by 31% and increased 2-fold post-exercise in both protocols (P < 0.05) (Fig. 

3C,D). WT muscle exhibited increases of 2.3-fold following exhaustive exercise (P < 0.05), but 

no changes were observed with continuous exercise (Fig. 3C,D).  These JNK results indicate 

increased stress signaling with exhaustive exercise, in addition to enhanced stress signaling basally 

in the absence of ATF5. 

Acute exercise is not a sufficient stimulus for the induction of ATF5 nuclear translocation.  The 

subcellular localizations of PGC-1α and ATF4 were measured in nuclear and cytosolic fractions 

isolated from WT and KO muscle following the exhaustive exercise test, while ATF5 expression 

was observed in fractions from WT animals only. Additionally, localization of transcription factors 

was compared between the two exercise protocols in WT muscle. No changes were observed in 

the proportions of nuclear ATF5 and protein levels in nuclear and cytosolic compartments (Fig. 

4A, B, C).  In contrast, the percentage of nuclear PGC-1α tended to increase by 2-fold from 3.5 to 

7% of total PGC-1α after one bout of continuous exercise in WT animals (P = 0.09).  However, 

these changes were not observed following a bout of exhaustive exercise in WT or KO muscle 

(Fig. 5C). Nuclear and cytosolic PGC-1α protein levels were elevated in KO muscle in comparison 

to WT muscle by 50% and 40%, respectively (P < 0.05) (Fig. 5B), although, proportions of nuclear 

PGC-1α relative to total PGC-1α did not differ significantly between genotypes (Fig. 5C). The 

localization of ATF4, another transcription factor activated by cellular stress was also evaluated.   
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Figure 3. Effects of acute continuous and exhaustive exercise on upstream signaling, 

represented by eIF2𝛂 and JNK phosphorylation in WT and KO muscle.  A) Immunoblots of 

phosphorylated and total eIF2α with corresponding Ponceaus. B) Quantification of 

phosphorylated/total eIF2α protein in WT and KO muscle in response to exercise. C) Immunoblots 

of phosphorylated and total JNK with corresponding Ponceau-stained gels. D) Quantification of 

phosphorylated/total JNK in WT and KO muscle in response to exercise. Dividing lines on 

immunoblots indicate where samples were spliced together from the same blot for direct 

comparisons of WT and KO samples. ¶P<0.05, main effect of exercise, #P<0.05, main effect of 

genotype, 2-way ANOVA; *P<0.05, KO CON vs. KO EX (Exh.), unpaired t-test. WT CON: n=8, 

WT EX (Cont.): n=5, WT EX (Exh.): n=3, KO CON: n=12, KO EX (Cont.): n=5, KO EX (Exh.): 

n=7. S, standard; Cont., continuous; Exh., exhaustive. 
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Similar to ATF5, its nuclear translocation was not observed after either continuous or exhaustive 

exercise (Fig. 6D). Nuclear and cytosolic ATF4 protein levels were also not different following 

exercise in both animal models and were not different basally between genotypes (Fig. 6B).  

However, 19% and 24% of total ATF4 was observed in the nucleus in KO muscle compared to 

10% and 14% in WT in control and exercised samples, respectively. This potentially indicates 

compensatory nuclear trafficking of ATF4 in the absence of ATF5 (P < 0.05) (Fig. 6C). 

Basal protein expression of UPRmt markers is augmented in the absence of ATF5.  Since it has 

been suggested that ATF5 is required for the expression of its downstream UPRmt targets during 

mitochondrial stress [29], it was of interest to investigate the requirement of ATF5 in the basal 

expression of these proteins (Fig. 7).  Interestingly, protein levels of LONP (Fig. 7E) and mtHSP70 

(Fig. 7D) were increased by 23% and 31% (Fig. 7D) (P<0.05), respectively, while HSP60 tended 

to increase (Fig. 7B,8C,D). No changes were observed in the expression of the transcription factor 

ATF4 (Fig. 7E,F). 

The muscle of ATF5 KO animals display enhanced mitochondrial content.  Mitochondrial 

content was measured in the skeletal muscle of WT and ATF5 KO animals via the quantification 

of COX enzyme activity and mitochondrial yield calculations from mitochondrial isolations. 

Protein expression of the mitochondrial marker VDAC was also measured (Fig. 8C,D).  KO 

muscle exhibited 12% greater COX activity relative to WT muscle (P < 0.05) (Fig. 8A) and an 

increased mitochondrial yield of 19% (P < 0.01) (Fig. 8B).   
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Figure 4. Subcellular localization of ATF5 following acute continuous and exhaustive 

exercise in WT animals. A,B) ATF5 protein expression was measured in nuclear and cytosolic 

fractions in WT animals basally and following acute continuous and exhaustive exercise. C) % of 

nuclear ATF5 relative to total ATF5 did not change with acute exercise, indicating that acute 

exercise stress does not induce ATF5 nuclear translocation.  WT CON: n=9, WT EX (Cont.): n=5, 

WT EX (Exh.): n=4. CON, control; EX, exercise; Cont., continuous; Exh., exhaustive; N, nuclear; 

C, cytosolic; S, standard.  Blots were normalized to the Ponceau stains. α-tubulin and H2B blots 

are shown to indicate sample purity. Micrograms of protein loaded: Nuclear, 60; Cytosolic, 10. 

Approximate molecular weights of proteins in kilodaltons (kDa) are shown on blots. 
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Figure 5. Subcellular localization of PGC-1𝛂 following acute continuous and exhaustive 

exercise in WT and KO animals. A,B) PGC-1α protein expression in nuclear and cytosolic 

fractions in WT and KO muscle. A genotype effect was significant in cytosolic samples. C) PGC-

1α % nuclear protein basally and after exhaustive exercise in WT and KO animals. D) PGC-1α % 

nuclear protein basally and following both exercise protocols in WT animals. WT CON: n=9, WT 

EX (Cont.): n=5, WT EX (Exh.): n=4, KO CON: n=6, KO EX, n=6. #P<0.05, main effect of 

genotype, 2-way ANOVA. Blots were normalized to the Ponceau stains. α-tubulin and H2B blots 

are shown to indicate sample purity. Micrograms of protein loaded: Nuclear, 60; Cytosolic, 10. 

Approximate molecular weights of proteins in kilodaltons (kDa) are shown on blots. CON, control; 

EX, exercise; Cont., continuous; Exh., exhaustive; N, nuclear; C, cytosolic; S, standard.   
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Figure 6. Subcellular localization of ATF4 following acute continuous and exhaustive 

exercise in WT and KO animals. A,B) ATF4 protein levels, C) ATF4 % nuclear protein in WT 

and KO mice, and in D) WT mice only.  WT CON: n=9, WT EX (Cont.): n=5, WT EX (Exh.): 

n=4, KO CON: n=6, KO EX, n=6. *P<0.05, WT CON vs. KO CON, unpaired t-test.  #P<0.05, 

main effect of genotype, 2-way ANOVA. Blots were normalized to the Ponceau stains. α-tubulin 

and H2B blots are shown to indicate sample purity. Micrograms of protein loaded: Nuclear, 60; 

Cytosolic, 10. Approximate molecular weights of proteins in kilodaltons (kDa) are shown on blots. 

CON, control; EX, exercise; Cont., continuous; Exh., exhaustive; N, nuclear; C, cytosolic; S, 

standard.   
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Figure 7. Basal protein expression in WT and KO muscle. A) Blots indicating protein of the 

UPRmt markers HSP60, mtHSP70, LONP and the transcription factor ATF4 with corresponding 

Ponceau stains. B-E) Graphical representation of protein levels between WT and KO muscle. F) 

Protein levels of KO muscle expressed as fold changes relative to WT.  *P<0.05, WT vs. KO, 

unpaired t-test. WT: n=15-16, KO: n=22. S, standard. 
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Figure 8. ATF5 KO muscle exhibits a greater mitochondrial pool. A) COX activity 

measurements in WT and KO muscle. WT: n=9, KO: n=10. B) Total mitochondrial yield (SS and 

IMF) calculated from mitochondrial isolation experiments. WT: n=18, KO: n=27. C) VDAC 

protein blot with its corresponding Ponceau stain. WT: n=16, KO n=22. *P<0.05, **P<0.01, WT 

vs. KO, unpaired t-test. S, standard. 
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ATF5 is required for the maintenance of basal mitochondrial function.  To investigate whether 

ATF5 retains a role in mitochondrial function in mammalian muscle, we measured oxygen 

consumption and ROS emission in SS and IMF mitochondria isolated from the skeletal muscle of 

WT and ATF5 KO animals (Fig. 9).  In the absence of ATF5, significant reductions in 

mitochondrial respiration were observed in both mitochondrial fractions derived from KO muscle.  

In State IV (passive) respiratory conditions, oxygen consumption was reduced by 39% in SS 

mitochondria (P < 0.05) (Fig. 9A), while in State III (active) respiration, there was reduction of 

40% and 32% in SS (P < 0.01) (Fig. 9A) and IMF (P < 0.01) (Fig. 9B) fractions, respectively, in 

comparison to WT animals.  However, no alterations were observed in the Respiratory Control 

Ratios (RCRs) between genotypes in both subfractions.  Furthermore, IMF mitochondria from KO 

animals exhibited a 20% increase in ROS emission under State III conditions (P < 0.01) (Fig. 9D), 

without any significant changes observed in the SS fraction (Fig. 9C). 

Changes in acute exercise-induced signaling in the absence of ATF5.  In mammalian cells and 

cardiac injury in rodents, ATF5 is known to be required for the stress-induced transcriptional 

activation of its downstream targets, including HSP60, LONP and mtHSP70 [29,44].  Thus, we 

investigated whether ATF5 KO animals exhibit impaired transcriptional signaling through the 

measurement of mRNA levels post-exercise (Fig. 10).  mRNA data from the continuous exercise 

protocol is shown. Indicative of mitochondrial biogenesis signaling, PGC-1α mRNA was 

enhanced in both animal models after an acute bout of continuous exercise, increasing by 5.7-fold 

and 3-fold in WT and KO animals, respectively (P < 0.05) (Fig. 10A). However, a 44% reduction 

in COX-IV mRNA was observed in KO muscle post-exercise (P < 0.01) with no changes occurring 

in WT animals (Fig. 10B).  
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 No significant changes were observed in ATF5 and ATF4 mRNA with exercise (Fig. 

10C,E). However, ATF4 mRNA was found to be upregulated 2.6-fold and 3.7-fold in KO control 

and exercised samples, respectively, relative to WT mice (P < 0.05) (Fig. 10E).  No changes in 

CHOP mRNA were observed between WT and KO mice basally and with exercise (Fig. 10D).  

mRNA levels of the mitochondrial chaperone HSP60 were increased in both animal models with 

exercise (P < 0.05), but even more so in KO mice, by 30% and 36% in WT and KO mice, 

respectively (Fig. 10F).  In addition, there was a trending main effect of genotype, with 24% more 

HSP60 mRNA in KO muscle (P = 0.07).   

 The gene expression response of UPRmt markers downstream of ATF5 were evaluated in 

WT and KO animals to examine the role of ATF5 in acute exercise-induced proteostatic signaling. 

In contrast to what was observed with HSP60, mRNA levels of these UPRmt markers increased 

slightly or did not change with exercise in WT animals but were reduced upon acute exercise in 

KO muscle. Significant interaction effects were seen with exercise in all three genes, where mRNA 

levels of LONP (P < 0.01) (Fig. 10H), mtHSP70 (P < 0.05) (Fig. 10G) and ClpP (P < 0.05) (Fig. 

10I) were reduced by 18%, 22% and 19%, respectively. mRNA levels of LONP, mHSP70 and 

ClpP are also collectively represented as overall changes in UPRmt downstream targets (Fig. 10J). 

Combined, the gene expression of these targets increased by 21% post-exercise in WT animals, 

while basally, KO muscle displayed a 16% increase compared to WT and a 20% reduction in 

mRNA levels with exercise (P < 0.05) (Fig. 10J). 
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Figure 9. Diminished function in mitochondria from ATF5 KO muscle. Mitochondrial 

function was assessed in the skeletal muscle of WT and ATF5 KO mice through the measurements 

of oxygen consumption (respiration) and ROS emission in isolated organelles. Respiration rates in 

A) SS and B) IMF mitochondria in State IV and III conditions.  RCR measurements (State III/State 

IV) are also indicated for both genotypes in SS and IMF mitochondria. ROS emission was also 

measured in C) SS and D) IMF mitochondria in passive and active respiratory states. *P<0.05, 

**P<0.01, WT vs. KO in given respiratory condition, unpaired t-test. WT: n=16-18, KO: n=24-

27. 
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Fig 10. Changes in mRNA levels in response to acute continuous exercise in WT and KO 

animals.  Transcript levels were measured for mitochondrial biogenesis markers A) PGC-1α and 

B) COX-IV, in addition to transcription factors involved in the UPRmt such as C) ATF5 (WT mice 

only), D) CHOP and E) ATF4. mRNA levels of the UPRmt chaperones F) HSP60 and G) 

mtHSP70. mRNA levels of the UPRmt proteases, including H) LONP and I) ClpP; *P<0.05, WT 

EX vs. KO EX, Bonferroni post-hoc.  WT: n=4. KO: n=5. J) mRNA of UPRmt downstream targets 
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DISCUSSION 

  

 The maintenance of a healthy mitochondrial pool is essential for the regulation of cellular 

homeostasis. Despite being separated from the cytosol by a double-membraned barrier, 

mitochondria are tightly integrated into the cellular milieu, lying at the crossroads of a multitude 

of bidirectional signaling cascades with the nucleus. Mitochondria monitor their own function and 

coordinate retrograde (mitochondria-nuclear) communication to induce specific transcriptional 

programs to preserve the organelle network [52,53]. The mitochondrial proteome is mostly 

comprised of proteins with nuclear origins. These proteins are integrated within the mitochondrial 

network via an import process, followed by their folding and shuttling to their appropriate 

organellar destinations. These events require extensive coordination, and any dysregulation can 

incite the accretion of misfolded proteins, disrupting protein homeostasis and causing proteotoxic 

stress, leading to the activation of the mitochondrial unfolded protein response (UPRmt).  This 

involves the nuclear translocation of ATF5 to stimulate the transcription of additional 

mitochondrial chaperones and proteases [29,54]. The result is an improvement in the protein 

folding environment of the matrix, which determines mitochondrial recovery [29]. Our previous 

research in this area has shown that an induction of UPRmt occurs in response to muscle contractile 

activity, and that this actually precedes signaling towards mitochondrial biogenesis during a time-

course of muscle adaptations in a rodent model [46]. This suggests the importance of upregulating 

the expression of proteostatic machinery, possibly via the action of ATF5, for mitochondrial 

adaptations to exercise to occur. However, the role of ATF5 in 1) the maintenance of basal 

mitochondrial content and function in muscle, as well as in 2) acute exercise signaling to organelle 

biogenesis, have yet to be determined. Thus, we sought to investigate these functions using  whole-

body ATF5 KO animals. 
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Given the role of ATF5 in regulating the UPRmt, we originally hypothesized that the 

absence of this transcription factor would result in a decrease in mitochondrial content. However, 

our findings indicate that the muscle of ATF5 KO animals displayed increased mitochondrial 

content in comparison to WT animals.  We then assessed whether these mitochondria were equally 

functional, by measuring respiration and ROS emission in isolated mitochondria. Our data show 

that mitochondria from ATF5 KO muscle displayed reduced rates of oxygen consumption along 

with specific substrate-induced increases in ROS emission, in comparison to mitochondria from 

WT animals. These findings support other work that measured mitochondrial respiration in the 

absence of ATF5 in a mammalian cell model [29]. Thus, this novel finding indicates that in the 

absence of ATF5, skeletal muscle possesses a larger mitochondrial pool comprised of more 

dysfunctional mitochondria. The result of this compensatory adaptation is little to no change in 

exercise capacity between the two genotypes. Whether this altered mitochondrial content and 

function is a result of inherent differences in the habitual activity / inactivity level of the KO 

animals remains to be determined.  

To investigate the possible underlying reasons for this increase in organelle content, we 

sought to examine the expression and localization of PGC-1α, a potent transcriptional co-activator 

that stimulates mitochondrial biogenesis. We found increased expression in both nuclear and 

cytosolic fractions isolated from ATF5 KO muscle, relative to WT samples. This potentially 

reveals an increased drive for mitochondrial biogenesis in the absence of ATF5, contributing to a 

larger mitochondrial pool, albeit composed of more dysfunctional organelles. 

An accumulation of poor quality mitochondria in the absence of ATF5 may be an indicator 

of impaired mitophagy, the process whereby defective mitochondria are degraded and processed 

by the lysosomes [55]. Although we have not investigated the role of ATF5 in mitophagy in the 
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current study, the involvement of this protein in mitochondrial degradations is suggested by the 

fact that ATF5 levels are increased upon the inhibition of mitophagy in the myocardium, along 

with other UPRmt proteins, possibly playing a compensatory role in the maintenance of 

mitochondrial homeostasis during cardiac stress [56]. It will be of interest in the future to consider 

whether ATF5 acts in the nucleus to induce the transcription of autophagic or mitophagic genes, 

serving to maintain mitochondrial quality via this degradative pathway.  

Among the many cellular events that encompass the physiological response to the stress of 

acute exercise, the activation (phosphorylation) of stress-inducible kinases is at the forefront of 

this molecular cascade. Our data show that acute exercise increases JNK activation, a member of 

the MAPK family of kinases, that has been shown to contribute to increases in PGC-1α gene 

expression following exercise [10,57,58]. Further, the JNK activation response is exaggerated in 

ATF5 KO muscle and is accompanied by enhanced eIF2α phosphorylation post-exercise. As JNK 

activation is highly responsive to ROS production [50,59–61], this could be a consequence of the 

elevated ROS levels that we observed in IMF mitochondria during State III respiration and is 

similar to what has been found previously in cardiac muscle from ATF5 KO animals [43].   

In contrast to our initial hypothesis, protein markers previously established to be 

downstream targets of ATF5 [29] such as mitochondrial chaperones and proteases were increased 

basally in ATF5 KO muscle. To investigate the reason for this, we studied the expression and 

localization of ATF4, a well-established transcription that regulates the UPRER [62].  Sharing close 

homology with ATF5, ATF4 controls the transcription of ATF5, is activated by endoplasmic 

reticulum (ER) and mitochondrial stress [63,64], and its protein levels have been found to be 

upregulated in mammalian cells in the absence of ATF5 [65]. Whether ATF4 truly regulates the 

transcription of chaperones and proteases of the UPRmt remains a controversial topic [64], however 
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our results indicate that muscle from ATF5 KO animals exhibited enhanced ATF4 mRNA levels, 

in addition to its increased nuclear localization. These changes suggest that ATF5 negatively 

regulates ATF4 by suppressing its expression. Moreover, in conjunction with the enhanced stress 

signaling and mitochondrial ROS emissions observed in ATF5 KO muscle, the increased 

expression and nuclear trafficking of ATF4 could represent the induction of a protective cellular 

program to counteract mitochondrial dysfunction in the absence of ATF5, resulting in the 

increased expression of UPRmt targets [63].  

Previous research has identified that the expression of UPRmt markers, including 

chaperones and proteases, is extremely responsive to inducible mitochondrial stressors, in an 

ATF5-dependent manner [29]. Thus, we sought to investigate whether acute exercise elicits this 

same effect in skeletal muscle. The exercise conditions that we chose were sufficiently stressful to 

provoke large increases in blood lactate levels, as well as augment the transcript levels of PGC-1α 

equally well in both genotypes. These data have been reported by us and others [9,12,13,66], 

confirming the magnitude of the exercise stress, and additionally indicating that ATF5 is not 

required for the induction of PGC-1α signaling following acute exercise. However, our results also 

indicate that acute exercise, either prolonged or exhaustive, is not a sufficient stimulus to mediate 

an increase in the nuclear localization of ATF5 in WT animals. Thus, despite its relatively low 

abundance detected in the nuclear fractions, these levels are clearly sufficient to induce an exercise 

stress response in WT animals, which is absent in KO muscle.  This is evident from the markedly 

divergent exercise-induced changes in mRNA transcripts of the downstream markers mtHSP70, 

LONP and ClpP. These results coincide with the concept that ATF5 may be part of a team of 

transcription factors that regulates the basal expression of UPRmt markers [29], but that it is 

required for normal stress-induced changes in these downstream proteins. Interestingly, digressing 
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from this collective response is the change in HSP60 gene expression, an established UPRmt 

chaperone which is clearly extremely responsive to acute exercise. However, these changes 

occurred in WT animals, and were even more pronounced in the absence of ATF5, suggesting 

redundancies in the transcriptional regulation of HSP60 during exercise stress that do not obligate 

the presence of ATF5.  

Taken together, our results indicate that the skeletal muscle of ATF5 KO animals exhibits 

1) enhanced basal and acute exercise-induced stress signaling, 2) increased basal expression of 

UPRmt proteins, PGC-1α and ATF4, 3) a more abundant mitochondrial pool, with reduced 

mitochondrial function, and 4) an altered gene expression response of UPRmt downstream targets 

to acute exercise. Further investigation is required to understand the potential role of ATF5 in 

mediating changes in mitochondrial degradation via the mitophagy pathway in order to preserve 

the health of the muscle mitochondrial pool. 
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FUTURE DIRECTIONS 

1. Given the role of ATF5 in mediating the UPRmt mRNA response to acute exercise, it is 

worth investigating whether ATF5 and UPRmt activation are required for mitochondrial 

adaptations to a chronic endurance training protocol. These adaptations include 

mitochondrial biogenesis, slight improvements in organellar quality, and improved 

mitophagic signaling. Furthermore, it is worthwhile to examine the response of trained 

muscle in WT and ATF5 KO animals to an acute bout of exercise, as trained muscle tends 

to present an attenuated gene expression response to acute exercise. This would 

characterize the involvement of ATF5 in the muscular adaptations to training and whether 

UPRmt activation is required in conferring resistance to exercise stress during subsequent 

exercise bouts. Colchicine injections can also be employed to measure autophagy flux. This 

project can additionally be carried out in a cell model, employing a long-term chronic 

contractile activity (CCA) protocol in myotubes expressing an ATF5 siRNA and 

bafilomycin treatment to assess flux. 

2. In contrast to knocking out ATF5, the impact of its overexpression and enhanced UPRmt 

activation on the level of mitochondrial adaptations to chronic exercise can also be 

assessed. This can be carried out by virally overexpressing ATF5 in animals and cells, and 

treating animals with the NAD+ precursor Nicotinamide Riboside (NR) or conversely, 

PARP inhibitors, to increase muscular NAD+ pools, known inducers of the UPRmt. The 

effects of ATF5 overexpression can be assessed on UPRmt activation, mitochondrial 

biogenesis, autophagy/mitophagy, protein synthesis and apoptotic susceptibility of 

mitochondria. 
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3. Our data showed a significant increase in ATF4 gene expression and its nuclear localization 

in the muscle of ATF5 KO animals. This is indicative of either a compensatory mechanism 

in an attempt to induce the expression of UPRmt targets basally and in response to acute 

exercise in the absence of ATF5, or, suggestive of ATF5 being a negative regulator of 

ATF4 and suppressing its cellular expression. As our lab is also breeding ATF4 KO (-/-) 

animals, double KO (dKO) animals can be bred to yield mice colonies lacking the 

expression of both ATF5 and ATF4. Establishing a robust deficiency in the UPRmt  without 

both transcription factors will allow us to determine whether their mutual interaction is 

required for UPRmt activation and mitochondrial adaptations to training. 

4. Taking a more mechanistic approach, investigating the molecular mechanisms responsible 

for the cellular localization of ATF5 and downstream UPRmt activation during various 

forms of mitochondrial stress are of great interest. From what has been observed in 

mammalian cells, multiple mitochondrial stressors can induce the proteolytic activity of 

ClpP to cause the transport of peptides into the cytosol. This stress-induced peptide efflux 

is thought to be the mechanism responsible for inhibiting the mitochondrial import of 

ATF5, prompting its subsequent nuclear trafficking.  Manipulating mitochondrial protein 

import by either using a Tim23-KD model previously used in our lab, or a small-molecule 

inhibitor of import, can be used to identify whether blocked import truly induces the 

nuclear translocation of ATF5, its binding to the promoters of target UPRmt genes and their 

transcription. Inducing multiple forms of mitochondrial stress will also allow us to assess 

how different forms of mitochondrial dysfunction and proteotoxicity can influence the 

intracellular movement of ATF5 and UPRmt activation on mitochondrial function. ETC 

inhibitors, including oligomycin and rotenone can be used to induce organellar 
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dysfunction, and transfecting cells with a mutated form of MPP (mitochondrial-processing 

peptidase), the enzyme responsible for cleavage of presequences from imported proteins 

in the matrix, can be employed to cause the accumulation of precursor proteins and induce 

proteotoxicity. These observations could contribute greatly to the characterization of the 

UPRmt pathways in response to stress in muscle. 
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Table 1A. Animal body weights. 

 

Table 1B. TA weights/Body weights.  

 

P value <0.0001

P value summary ****

Significantly different (P < 0.05)? Yes

UNPAIRED T-TEST: Body weight

N WT KO

1 1.262 1.226

2 1.111 1.402

3 1.053 1.071

4 0.934 1.151

5 1.156 1.072

6 1.075 1.492

7 1.349 0.767

8 1.004 0.626

9 1.191 1.560

10 1.002 1.166

11 1.194 1.352

12 1.096 1.308

13 1.195 1.304

14 1.381 0.929

15 1.590 0.933

16 1.080 0.754

17 1.187 1.290

18 1.300 1.267

19 1.414

20 1.223

21 1.301

22 1.377

23 1.180

24 1.790

25 1.154

26 1.301

X 1.17548718 1.207999476

SEM 0.038589784 0.050500178

TA weights/Body weights  

(mg/g)
P value 0.6369

P value summary ns

Significantly different (P < 0.05)? No

UNPAIRED T-TEST: TA weights/Body weights
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 Table 1C. Distance to exhaustion during the incremental, exhaustive exercise test.  

 

 

Table 1D. Blood lactate levels before and immediately after exhaustive exercise. 
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Table 2A. Phosphorylated/total eIF2𝛂 protein levels following acute continuous and 

exhaustive exercise.  
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Table 2B. Phosphorylated/total JNK protein levels following acute continuous and 

exhaustive exercise. 
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Table 3A. Protein levels of PGC-1𝛂 in nuclear and cytosolic fractions basally and after 

exhaustive exercise in WT and KO mice.  

 

 

Table 3B. % nuclear PGC-1𝛂  protein basally and after exhaustive exercise in WT and KO 

mice.  
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Table 3C. % nuclear PGC-1𝛂  protein basally and after continuous and exhaustive exercise 

in WT mice.  

 

Table 4A. Protein levels of ATF4 in nuclear and cytosolic fractions basally and after 

exhaustive exercise in WT and KO mice. 

 

 

 

Table 4B. % nuclear ATF4 protein basally and after exhaustive exercise in WT and KO 

mice.  
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Table 4C. % nuclear ATF4 protein basally and after continuous and exhaustive exercise in 

WT mice.  

 

 

Table 5A. Protein levels of ATF5 in nuclear and cytosolic fractions basally after continuous 

and exhaustive exercise in WT. 

 

 

Table 5B. % nuclear ATF5 protein basally and after continuous and exhaustive exercise in 

WT mice.  
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Table 6A. Basal protein expression of the mitochondrial protein VDAC in WT and KO 

muscle.  

 

Table 6B. Basal protein expression of the transcription factor ATF4 in WT and KO muscle. 
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Table 6C. Basal protein expression of the UPRmt chaperone HSP60 in WT and KO muscle.  

 
Table 6D. Basal protein expression of the UPRmt chaperone mtHSP70 in WT and KO 

muscle.  
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Table 6E. Basal protein expression of the UPRmt protease LONP in WT and KO muscle. 

 

Table 6F. Fold changes of protein levels (KO/WT). 
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Table 7A. COX Activity in WT and KO muscle.  

 

Table 7B. Mitochondrial yields from mitochondrial isolations of WT and KO muscle.  
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Table 8A. Respiration of SS mitochondria isolated from WT and KO muscle.  

 

Table 8B. Respiration of IMF mitochondria isolated from WT and KO muscle.  
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Table 8C. Respiratory Control Ratios (RCR) of SS and IMF mitochondria isolated from 

WT and KO muscle.  
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Table 9A. ROS production in SS mitochondria isolated from WT and KO muscle. 

 

Table 9B. ROS production in IMF mitochondria isolated from WT and KO muscle. 
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Table 10A. mRNA levels of PGC-1𝛂 basally and following continuous exercise in WT and 

KO muscle.  

 

Table 10B. mRNA levels of COX-IV basally and following continuous exercise in WT and 

KO muscle.  

 
 

 

 

Source of Variation P value P value summary Significant?

Interaction 0.3208 ns No

Genotype 0.4084 ns No

Exercise 0.0064 ** Yes

2-WAY ANOVA

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.4784 No ns 0.0791

WT:CON vs. KO:CON -0.02004 No ns >0.9999

WT:CON vs. KO:EX -0.2656 No ns 0.7149

WT:EX vs. KO:CON 0.4584 No ns 0.0748

WT:EX vs. KO:EX 0.2129 No ns >0.9999

KO:CON vs. KO:EX -0.2455 No ns 0.7552

POST-HOC TEST

P value 0.095901

P value summary ns

Significantly different (P < 0.05)? No

P value 0.006585

P value summary **

Significantly different (P < 0.05)? Yes

P value 0.6647

P value summary ns

Significantly different (P < 0.05)? No

UNPAIRED T-TEST: WT CON vs. EX

UNPAIRED T-TEST: KO CON vs. EX

UNPAIRED T-TEST: WT CON vs. KO CON

N CON Cont. EX CON Cont. EX

1 0.002 0.003 0.003 0.002

2 0.004 0.002 0.002 0.002

3 0.002 0.002 0.002 0.001

4 0.003 0.002 0.003 0.001

5 0.004 0.002

X 0.00258713 0.00236287 0.00280841 0.00168705

SEM 0.00036263 0.00021573 0.00034842 0.00021389

WT KO

COX-IV mRNA (2-∆CT)
Source of Variation P value P value summary Significant?

Interaction 0.1521 ns No

Genotype 0.457 ns No

Exercise 0.0388 * Yes

2-WAY ANOVA

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX 0.0002266 No ns >0.9999

WT:CON vs. KO:CON -0.000222 No ns >0.9999

WT:CON vs. KO:EX 0.0009019 No ns 0.2956

WT:EX vs. KO:CON -0.0004486 No ns >0.9999

WT:EX vs. KO:EX 0.0006753 No ns 0.7757

KO:CON vs. KO:EX 0.001124 No ns 0.0778

POST-HOC TEST

P value 0.61038

P value summary ns

Significantly different (P < 0.05)? No

P value 0.02483

P value summary *

Significantly different (P < 0.05)? Yes

UNPAIRED T-TEST: WT CON vs. EX

UNPAIRED T-TEST: KO CON vs. EX
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Table 10C. mRNA levels of ATF5 basally and after continuous exercise in WT and KO 

muscle. 

 

 

Table 10D. mRNA levels of ATF4 basally and after continuous exercise in WT and KO 

muscle.  

 

Table 10E. mRNA levels of CHOP basally and after continuous exercise in WT and KO 

muscle.  

 

 

 

 

 

 

N CON Cont. EX CON Cont. EX

1 0.022 0.032 0.000 0.000

2 0.008 0.010 0.000 0.000

3 0.025 0.035 0.000 0.000

4 0.015 0.011 0.000 0.000

5 0.000 0.000

X 0.01750048 0.02181574 3.7122E-05 3.8681E-05

SEM 0.00381981 0.00670085 2.5796E-05 1.9388E-05

KOWT

ATF5 mRNA (2-∆CT)
P value <0.0001

P value summary ****

Significantly different (P < 0.05)? Yes

P value 0.5961

P value summary ns

Significantly different (P < 0.05)? No

UNPAIRED T-TEST: WT CON vs. EX

UNPAIRED T-TEST: WT vs. KO

N CON Cont. EX CON Cont. EX

1 0.109 0.023 0.106 0.179

2 0.016 0.021 0.373 0.224

3 0.201 0.169 0.404 0.282

4 0.009 0.025 0.086 0.151

5 0.115 0.253

X 0.08374374 0.05923194 0.21667782 0.21775575

SEM 0.04531735 0.03649148 0.07046043 0.0239251

ATF4 mRNA (2-∆CT)

WT KO
Source of Variation P value P value summary Significant?

Interaction 0.7991 ns No

Genotype 0.0104 * Yes

Exercise 0.8156 ns No

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX 0.02451 No ns >0.9999

WT:CON vs. KO:CON -0.1329 No ns 0.4645

WT:CON vs. KO:EX -0.134 No ns 0.4518

WT:EX vs. KO:CON -0.1574 No ns 0.243

WT:EX vs. KO:EX -0.1585 No ns 0.236

KO:CON vs. KO:EX -0.001076 No ns >0.9999

POST-HOC TEST

2-WAY ANOVA

N CON Cont. EX CON Cont. EX

1 0.013 0.008 0.015 0.007

2 0.007 0.007 0.006 0.003

3 0.007 0.004 0.007 0.006

4 0.003 0.006 0.002 0.002

5 0.004 0.004

X 0.00739329 0.00608829 0.00715366 0.00440728

SEM 0.00209436 0.00078197 0.00219194 0.00106242

CHOP mRNA (2-∆CT)

WT KO
Source of Variation P value P value summary Significant?

Interaction 0.6767 ns No

Genotype 0.5798 ns No

Exercise 0.2521 ns No

2-WAY ANOVA
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Table 10F. mRNA levels of HSP60 basally and after continuous exercise in WT and KO 

muscle.  

 
Table 10G. mRNA levels of LONP basally and after continuous exercise in WT and KO 

muscle.  

 
Table 10H. mRNA levels of mtHSP70 basally and after continuous exercise in WT and KO 

muscle.  

 

 
 

 

 

N CON Cont. EX CON Cont. EX

1 0.179 0.210 0.229 0.339

2 0.204 0.352 0.526 0.588

3 0.354 0.464 0.406 0.799

4 0.159 0.254 0.148 0.433

5 0.169 0.160

X 0.22403441 0.3197514 0.29569952 0.46382181

SEM 0.04433941 0.05639823 0.07324447 0.10865033

WT KO

HSP60 mRNA (2-∆CT)
Source of Variation P value P value summary Significant?

Interaction 0.3267 ns No

Genotype 0.0664 ns No

Exercise 0.0363 * Yes

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.09571 No ns >0.9999

WT:CON vs. KO:CON -0.07167 No ns >0.9999

WT:CON vs. KO:EX -0.3157 No ns 0.0626

WT:EX vs. KO:CON 0.02405 No ns >0.9999

WT:EX vs. KO:EX -0.22 No ns 0.345

KO:CON vs. KO:EX -0.244 No ns 0.1798

2-WAY ANOVA

POST-HOC TEST

N CON Cont. EX CON Cont. EX

1 0.011 0.017 0.015 0.011

2 0.010 0.015 0.019 0.016

3 0.016 0.017 0.020 0.016

4 0.013 0.019 0.013 0.014

5 0.016 0.014

X 0.01242141 0.01696307 0.01648463 0.01411516

SEM 0.00125615 0.00088465 0.00132048 0.00099096

LONP mRNA (2-∆CT)

WT KO
Source of Variation P value P value summary Significant?

Interaction 0.0097 ** Yes

Genotype 0.6053 ns No

Exercise 0.3625 ns No

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.004541 No ns 0.1165

WT:CON vs. KO:CON -0.004064 No ns 0.1556

WT:CON vs. KO:EX -0.001696 No ns >0.9999

WT:EX vs. KO:CON 0.0004762 No ns >0.9999

WT:EX vs. KO:EX 0.002844 No ns 0.6195

KO:CON vs. KO:EX 0.002368 No ns 0.8763

2-WAY ANOVA

POST-HOC TEST

N CON Cont. EX CON Cont. EX

1 0.006 0.010 0.008 0.007

2 0.006 0.009 0.009 0.005

3 0.006 0.006 0.007 0.007

4 0.006 0.006 0.005 0.005

5 0.006 0.005

X 0.00607972 0.00764924 0.0070233 0.00574241

SEM 0.00012899 0.00090783 0.00074262 0.00053846

mtHSP70 mRNA (2-∆CT)

WT KO
Source of Variation P value P value summary Significant?

Interaction 0.0479 * Yes

Genotype 0.4756 ns No

Exercise 0.8298 ns No

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.00157 No ns 0.7902

WT:CON vs. KO:CON -0.0009434 No ns >0.9999

WT:CON vs. KO:EX 0.0003381 No ns >0.9999

WT:EX vs. KO:CON 0.0006263 No ns >0.9999

WT:EX vs. KO:EX 0.001908 No ns 0.3568

KO:CON vs. KO:EX 0.001282 No ns 0.9961

POST-HOC TEST

2-WAY ANOVA
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Table 10I. mRNA levels of ClpP basally and after continuous exercise in WT and KO 

muscle.  

 

Table 10J. mRNA levels of UPRmt downstream targets (LONP, mtHSP70, ClpP) basally 

and after continuous exercise in WT and KO muscle. 
 

 

 

 

 

 

 

 

N CON Cont. EX CON Cont. EX

1 1.208 1.601 1.383 1.051

2 1.068 1.277 1.408 0.873

3 1.138 1.182 1.297 1.104

4 1.138 1.200 0.952 0.916

5 0.981 0.742

X 1.13800781 1.31518256 1.20416071 0.93711265

SEM 0.02842075 0.09748367 0.09888644 0.06463916

ClpP mRNA (2-∆CT)

WT KO

Source of Variation P value P value summary Significant?

Interaction 0.0153 * Yes

Genotype 0.073 ns No

Exercise 0.5854 ns No

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.1772 No ns 0.9708

WT:CON vs. KO:CON -0.06615 No ns >0.9999

WT:CON vs. KO:EX 0.2009 No ns 0.5957

WT:EX vs. KO:CON 0.111 No ns >0.9999

WT:EX vs. KO:EX 0.3781 Yes * 0.0302

KO:CON vs. KO:EX 0.267 No ns 0.1561

2-WAY ANOVA

POST-HOC TEST

N CON Cont. EX CON Cont. EX

1 0.011 0.017 0.015 0.011

2 0.010 0.015 0.019 0.016

3 0.016 0.017 0.020 0.016

4 0.013 0.019 0.013 0.014

5 0.006 0.010 0.016 0.014

6 0.006 0.009 0.008 0.007

7 0.006 0.006 0.009 0.005

8 0.006 0.006 0.007 0.007

9 1.208 1.601 0.005 0.005

10 1.068 1.277 0.006 0.005

11 1.237 0.767 1.383 1.051

12 1.283 1.083 1.408 0.873

13 1.297 1.104

14 0.952 0.916

15 0.981 0.742

X 0.40588421 0.40216684 0.40922291 0.31899066

SEM 0.1697025 0.17440338 0.15330154 0.1185093

UPRmt downstream targets mRNA (2-∆CT)

WT KO
Source of Variation P value P value summary Significant?

Interaction 0.043 * Yes

Genotype 0.6508 ns No

Exercise 0.8386 ns No

Bonferroni Mean Difference Significant? Summary Adjusted P Value

WT:CON vs. WT:EX -0.3273 No ns 0.7932

WT:CON vs. KO:CON -0.2326 No ns >0.9999

WT:CON vs. KO:EX 0.03595 No ns >0.9999

WT:EX vs. KO:CON 0.09468 No ns >0.9999

WT:EX vs. KO:EX 0.3632 No ns 0.4766

KO:CON vs. KO:EX 0.2685 No ns 0.999

2-WAY ANOVA

POST-HOC TEST
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APPENDIX B: ADDITIONAL DATA 

(STATISTIC TABLES NOT SHOWN) 
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Figure S1. Changes in gene expression in WT muscle immediately after exercise and 

following 3 hours of recovery.  mRNA levels of the mitochondrial transcriptional co-activator A) 

PGC-1α and the mitochondrial gene B) COX-IV were measured, in addition to the UPRmt 

transcription factors C) ATF5, D) CHOP and E) ATF4.  Gene expression of UPRmt downstream 

targets include F) HSP60, G) GRP75 (mtHSP70), H) LONP. (n=4/group). *P<0.05, 1-way 

ANOVA. SED, sedentary; AE, acute exercise; AER, acute exercise + 3 hours of recovery. Data 

are expressed as fold changes using the 2-ΔΔCT method.  
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Figure S2. Basal mRNA levels in WT, HET and ATF5 KO mice.  mRNA levels of the UPRmt 

transcription factors A) ATF5, B) ATF4 and the mitochondrial transcriptional co-activator PGC-

1α. Gene expression of UPRmt downstream targets include D) HSP60, E) GRP75 (mtHSP70) and 

F) ClpP. WT: n=3-4, HET: n=3-4, KO: n=2-3. *P<0.05, ***P<0.001. 1-way ANOVA. WT, wild-

type; HET, heterozygous KO; KO, homozygous KO. Data are expressed as fold changes using the 

2-ΔΔCT method. 
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Figure S3. Basal mRNA levels in WT and PGC-1𝛂 KO mice.  mRNA levels of A) PGC-1α and 

its downstream target B) COX-IV. Gene expression of UPRmt transcription factors include C) 

ATF5, D) CHOP and E) ATF4. mRNA for downstream targets: F) HSP60, G) LONP, H) ClpP. 

WT: n=6, KO: n=10. *P<0.05, ***P<0.001, ****P<0.0001, unpaired t-test. Data are expressed as 

fold changes using the 2-ΔΔCT method. 
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APPENDIX C: LABORATORY METHODS AND PROTOCOLS 
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CYTOCHROME C OXIDASE (COX) ACTIVITY FOR MICROPLATE READER_______ 
 

THEORY: 

Tissue extract containing cytochrome c oxidase is added to the test solution containing 

fully reduced cytochrome c. The rate of cytochrome c oxidation is measured over time as a 

reduction in absorbance at 550 nm. The reaction is carried out at 30o C.  

 

REAGENTS: 

 

1. 20 mM KCN;  MW= 65.12, 13.02 mg/10 ml dH2O 

 

2. 100 mM K-Phosphate Buffer 

 

- make up 0.1 M KH2PO4;     MW= 136.09  

= 13.6 g/1000 ml 

 (pH approx. 5) 

 (rm. temp) 

- make up 0.1 M K2HPO4.3H2O;    MW= 174.18 

= 17.4 g/1000 ml 

 (pH approx. 8) 

 (rm. temp) 

- mix in equal proportions, pH to 7.0 

 

3. 10 mM K-Phosphate Buffer 

 

- dilute 0.1 M KPO4 Buffer prepared above 1:10 with ddH2O (eg. 10 ml buffer + 90 ml 

ddH2O) 

 

4.  Extraction Buffer (100 mM Na-K-Phosphate, 2 mM EDTA; pH 7.2) 

 

- 500 ml 0.1 M Na2HPO4. 2H2O;  

 

   Combine 8.9 g sodium phosphate with 0.372 g EDTA up to 

500 ml. 

                 

- 200 ml 0.1 M KH2PO4;                               

 

Combine 2.7 g potassium phosphate with 0.149 g EDTA up 

to 200 ml. 

 

- combine both solutions and pH to 7.2      

                                                           

5. Test Solution (reduced cytochrome c, 2 mg/ml), for 10 ml (enough for 36 microplate wells); 

- weigh out 20 mg of horse heart cytochrome c (Sigma, C-2506) in a scintillation vial 

 

- add 1 ml of 10 mM KPO4 buffer and dissolve cytochrome c 
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- make up a small volume of 10 mg/ml sodium dithionite-10 mM KPO4 stock solution 

(make fresh each experiment and use within twenty minutes) 

 

- add 40 μl of the dithionite stock solution to the test solution and observe red-orange 

colour change 

 

- add 8 ml of ddH2O 

 

- add 1 ml of 100 mM KPO4 buffer. 

 

PROCEDURE: 

 

1. Place  powdered muscle samples in liquid N2. 

 

2. Add 50 μl of extraction Buffer to 1.5 ml Eppendorf tubes in the aluminum block on ice.  

(One Eppendorf per sample).  

 

3.  Add 5-7.5 mg tissue to each tube, recording exact tissue mass.  Mix by tapping.  

 

4.  Add the volume of Extraction Buffer required to obtain a 20-fold dilution.   

 

5. Add a stir bar and mix for 15 min. Make up Test Solution during this time and wrap in 

foil.  

 

6.  Sonicate each tube 3 x 3 seconds, cleaning the probe between samples. 

 

7. Pipette some of 20-fold sample extract into new Eppendorf tube and add volume of 

Extraction Buffer required to obtain an 80-fold dilution.  (eg. 50 μl of 20-fold extract + 

150 μl Ext. Buffer = 200 μl of 80-fold sample extract).  Keep 80-fold sample extract tube 

on ice for duration of experiment  

 

8.  Add 270 μl of Test Solution into 4-8 wells of 96-well microplate and incubate at 30°C for 

10 minutes to stabilize the temperature and absorbance. 

 

9. Open KC4 plate reader program (on Triton).  Select CONTROL icon, then PRE-

HEATING tab, enter 30°C and select ON.  (Do not run assay until KC4 temperature has 

reached 30°C.) 

 

10. Select WIZARD icon, then READING PARAMETERS icon. 

 

▪ Select Kinetic for Reading Type. 

▪ Select Absorbance for Reader and 550 nm for wavelength (drop-down menu). 

▪ Select Sweep for Read Mode. 

▪ Select 96 Well Plate (default) for Plate Type. 

▪ Enter first and last well to be read (eg. A1 and A4 if reading 4 samples 
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simultaneously). 

▪ Select Yes and Pre-heating and enter 30 for Temperature Control. 

▪ For Shaking enter 0 for both intensity and duration (shaking is not necessary and 

it will delay the first reading).  

▪ Do not select either of the two options for Pre-reading. 

▪ Click on the KINETIC… rectangular tile to open the Kinetic window. 

▪ Enter run time (1 minute is recommended) and select MINIMUM for Interval 

time (under these conditions the minimum Interval time should be 3 seconds). 

▪ Select Allow Well Zoom During Read to see data in real time (optional). 

▪ Under Scales, checkmarks should appear for both Auto check boxes.  Do not 

select Individual Well Auto Scaling. 

▪ Press OK to return to Reading Parameters window.  Press OK to return to Wizard 

window.  Press OK.  Do not save the protocol. 

 

11. Set the multipipette to 250 μl and secure 4-8 yellow tips on the white projections (make 

sure they are on tight and all at the same height). 

 

12. In a second, clean 96 well plate, pipette samples into 4-8 empty wells (start with A1).  

Recommended volumes: 30 μl of 80-fold extract for Mixed Gastroc, 10 μl for Heart.  

Adjust volumes according to oxidative capacity of the tissue.  (eg.  25 μl for Red 

Gastrocnemius and 35 μl for White Gastrocnemius).  

 

13. Remove microplate with Test Solution in 4-8 wells from the incubator (as long as it has 

been incubating for 10 minutes).  Place this plate beside the plate with the sample extracts 

in it. 

 

14. On KC4 program, select the READ icon and press the START READING icon, then 

press the READ PLATE button.  A box will appear that says, “Insert plate and start 

reading”.  Do not press OK yet, but move the mouse so that the cursor hovers over the 

OK button. 

 

15. Using the multipipette (set to 250 μl) carefully draw up the Test Solution.  Make sure the 

volume is equal in all the pipette tips, and that no significant air bubbles have entered any 

of the tips. 

 

16. Pipette the Test Solution into the wells with the sample extracts (the second plate).  As 

soon as all the Test Solution has been expelled from the tips (do not wait for the second 

push from the multipipette), place the plate onto the tray of the plate reader and with the 

other hand on the mouse, press the OK button.  (Speed at this point is paramount, as there 

is an unavoidable latency period between the time of pressing the OK button and the time 

of the first reading.)  

 

17. If desired, add 5 μl KCN to one of the wells to measure any absorbance changes in the 

presence of the CYTOX inhibitor. 
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18. Once reading is complete, hold the CTRL key on the keyboard, and use the mouse to 

click once on each of the squares corresponding to a well that had sample in it.  Once all 

the desired wells have been highlighted by a black square (up to a maximum of 8 wells), 

let go of the CTRL key and a large graph will appear with lines on it representing each 

sample.   

 

19. To obtain the rate of change of absorbance over different time periods, select Options and 

enter the amount of time for which you would like a rate of change of absorbance to be 

calculated.  The graph, along with one rate (at whichever time interval is selected) for 

each sample can be printed on a single sheet of paper, and the results can be saved. 

 

20. The delta absorbance will appear in units of mOD/min and the number given will be 

negative.  Convert this to OD/min by dividing by 1000 and omit the negative sign in the 

calculation.  (eg. if Mean V: -394.8 mOD/mn, then use 0.395 OD/min) 

 

 

CALCULATION:   CYTOX activity (μmole/min/g tissue) 

 

        =  delta absorbance/min x total volume (ml) x 80 (dilution)   

           18.5 (μmol/ml extinction coeff.) x sample vol (ml) 

 

 

Example Calculation: 

 

30 μl of 80-fold sample extract 

250 μl of Test Solution 

Mean V: -284.2 mOD/mn 

 

COX activity =  (.284)(.280)(80)   

        (18.5)(.030) 

 

= 11.5 μmol/min/g tissue 

 

= 11.5 U/g tissue 

 
  

Filename: COX ASSAY MICROPLATE 

 

 

  

Tissue Heart 
Mixed 

Gastroc 

Weight (mg) 5 mg 7.5 mg 

Vol. for 20-fold 100 μl 150 μl 

Remove, put in 

new Eppendorf 
50 μl 75 μl 

Vol. needed for 

80-fold 

Add 150 μl    

of extract. 

buffer 

Add 225 μl    

of extract. 

buffer 

Final Volume of 

80-fold 
200 μl 300 μl 

Vol. of 80-fold 

per well 
10 μl 30 μl 
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WESTERN BLOTTING: ELECTROPHORESIS WITH SDS-PAGE GELS AND PROTEAN 

BIO-RAD 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-HCl, pH 8.8 (60.5g/500ml) 

b. Store at 4°C 

3. Over Tris Buffer 

a. 1M Tris-HCl, pH 6.8 (12.1g/100ml) 

b. Bromophenol Blue (for colour) 

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. tert-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 below: 
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c. Check the seal y 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. 

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: 

 

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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b. Mix 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 of the block heater to 95ºC.  

b. Pipette required volume of sample into new eppendorf with 6X SDS (1 volume of 

sample to 1/6 sample volume of 6X SDS). Keep samples on ice until all samples 

are prepared. 

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 below: 

 
 

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 Hamilton syringe. Inject 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. 
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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. 

d. When the bromophenol blue has run off the bottom of the gel 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 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. make 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) 

6. Film/Developer/Fixer 

 

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 memebrane and gel as shown below: 
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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. 

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 down 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 1-2 hours with the appropriate secondary antibody diluted in 

blocking solution. 

c. Membrane is placed face down 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 face down on a fresh piece of 

saran wrap and wrap tightly. 

d. Expose blot to film (time will vary depending on protein and antibody).  
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e. Place film into developer (time will vary). 

f. Once image appears place film into fixer for 2 minutes. Wash with fresh water 

when complete. 

 

RNA ISOLATION_____________________________________________________ 

 
PREPARATION: 

 

1. The homogenizer must be sterilized in 0.1M NaOH for 1.5hrs and rinsed in sterile water 

prior to use with homogenizer turned on.  Rinse in sterile water between samples. (Add 

10ml St. H2O to 1ml 1M NaOH to obtain desired concentration of 0.1M NaOH) 

2. Label St. 1.5ml eppendorfs and 13ml test tubes accordingly. 

3. Get ice. 

4. Make sure to autoclave graduated cylinders (50ml-100ml), flasks(1L, 200ml) and 

distilled water before beginning the isolation. 

 

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 wash ethanol (located near sinks). 

3. Use sterile pipette tips. (1ml = blue, 200µl = medium sized clear ones) 

4. Make sure homogenizer and centrifuge are available for use. 

 

 PROCEDURE: 

 

DAY 1: 

 

1. Add 1 ml of Tri-reagent (in fridge/green cap) to a 13ml Sarstedt tube. 

2. Add 200mg of tissue to the Tri-reagent. (Tap test tube to mix tissue with the tri-reagent.) 

3. Homogenize @ 30% power output for 30sec. (Always go for an extra 1-2sec because 

the homogenizer takes time to reach full power.) 

*NOTE*  

  

 Rinse homogenizer before and after each use with St. H2O. Homogenizer must turned on when 

rinsing.  Wipe dry with Kimwipes. 

 

When homogenizing move the test tube left and right quickly. 

 

Observe colour change to light pink. 

 

4. Transfer to a St. 1.5ml eppendorf. 

5. Let stand for 5 min at room temperature. 

 6. Add 0.2 ml chloroform and shake vigorously for 15 sec; let stand for 2-3 min at room 

temperature. (Colour will change to a milky-pink pepto-bismol colour) 

 7. Spin at max speed (~16 000 rcf) for 15 min at 4C. (Located in the glass fridge) 
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 8. Transfer upper aqueous phase to 1.5ml eppendorf. (Use a p1000 pipette) 

 9. Add 0.5 ml isopropanol and gently tap to mix; precipitate RNA overnight @ -20C or -

80C for 1hr. 

10. Sterilize gel canister, 8-tooth comb (white), gel holder in 0.1% SDS. 

 

 0.1%SDS = 10mg SDS (in chemical cabinet) + 1L St. H2O 

 *Note*  Wear mask when handling SDS powder. 

 

Day 2: 

 

 11. Let stand at room temperature for 10 min.  

 12. Spin at max speed (~16 000rcf) for 10 min at 4C. 

 13. Discard supernate and add 0.7 ml 70% ethanol. 

  

 *Note*  Wash (do not resuspend) ie. Pellet should be floating in the ethanol not dissolved 

in the ethanol. Use the p1000. 

 

14. Spin for 1 min in eppendorf centrifuge at 4C.  

15. Discard supernate. (Remove excess liquid with a 20 µl pipette – DO NOT touch pellet) 

16. Air Dry. 

17. Dissolve pellet in 30 µl sterile distilled water (by pipetting up and down) and measure 

absorbance at 260 nm. 

 

Measuring Absorbance: 

 

Use the KC4 program on the Jupiter computer. 

 

Settings: 

 

Go to Wizard → Reading Parameters 

 

Under reader → click absorbance. 

Under wavelenths → set it to 260nm 

 

Check the following boxes: 1.) Pre read blank plate and 2.) pathlength correction wavelengths 

 

Use the Costar 96 well blank plate. (Wash with ethanol only carefully/saran wrap and store on 

desk for future use) 

 

Dilution:  Fill desired number of wells with 95 µl sterile water and 5 µl of sample. 

 

*NOTE* Always add the largest volume first. 

 

After samples have been analyzed: 

 

Click on report (found in the menu bar) and select M260 Corr and print! 
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*Note* 1.8 is the minimum value → generally. 

 

RNA Concentration: 

 

@260 reading x 40 µg/µl x dilution factor (20) = [RNA] µg/µl 

 

Dilution factor = Total Volume / Volume of sample 

  = 100µl / 5µl 

  = 20 

 

FIRST-STRAND CDNA SYNTHESIS (REVERSE TRANSCRIPTION)_______________ 

 
First-strand cDNA synthesis is performed following the manufacturer's recommendations that 

are outlined below: 

 

REAGENTS: 
 

1. total RNA (isolated as described) 

2. Oligo(dT)12-18 

3. 10 mM dNTPs (dATP, dTTP, dCTP, dGTP; 10 mM each) 

4. Sterile ddH20  

5. RNAse OUT (40 units/ µl) 

6. 0.1 M DTT 

7. 5X First-strand Buffer 

8. SuperScript II RT 

 *Note: All reagents except RNA are supplied with the SSII kit from Invitrogen. 

 

PROCEDURE: 
 

1. Add following components to a nuclease/ RNA-free 500 µl eppendorf: 

   Oligo(dT)12-18   1µl 

   1 µg of RNA   x µl 

   dNTP mix    1 µl 

   Sterile ddH20   to 20 µl 

 

2. Heat mixture to 65°C for 5 minutes and quick chill on ice.  Collect the contents with a quick 

spin in a tabletop microcentrifuge and then add: 

   5X First-strand buffer  4 µl 

   0.1 M DTT   2 µl 

   RNAse OUT   1 µl 

 

3. Mix contents of tube gently and incubate at 42°C for 2 minutes. 

4. Add 1 µl (200 units) of Superscript II RT and mix by pipetting gently up and down. 

5. Incubate at 42°C for 50 minutes. 

6. Inactivate the reaction by heating at 70°C for 15 minutes. 

7. cDNA is ready for use in PCR amplification.  
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MITOCHONDRIA ISOLATIONS FROM SKELETAL MUSCLE____________________ 
 

Reagents  

All buffers are set to pH 7.4 and stored at 4 °C  

 

- Buffer 1       - Buffer 1 + ATP  

100 mM KCl       Add 1 mM ATP to Buffer 1  

5 mM MgSO4  

5 mM EDTA   

50 mM Tris base  

 

- Buffer 2      - Resuspension medium  

100 mM KCl       100 mM KCl  

5 mM MgSO4      10 mM MOPS  

5 mM EGTA       0.2% BSA  

50 mM Tris base  

1 mM ATP  

 

- Nagarse protease (Sigma, P-4789) 

10 mg/ml in Buffer 2  

Make fresh for each isolation, keep on ice  

 

Procedure 

 

(Refer to Flow Chart below) 

 

1. Remove the tibialis anterior (TA) muscle from the rat, and put it in a beaker containing 5 ml 

Buffer 1, on ice immediately.  

2. Place TA on a watch glass that is also on ice and trim away fat and connective tissue. Proceed 

to thoroughly mince the muscle sample with forceps and scissors, until no large pieces are 

remaining.  

3. Place the minced tissue in a plastic centrifuge tube and record the exact weight of tissue.  

4. Add a 10-fold dilution of Buffer 1 + ATP to the tube.  

5. Homogenize the samples using the Ultra-Turrax polytron with 40% power output and 10 s 

exposure time. Rinse the shaft with 0.5 ml of Buffer 1 + ATP to help minimize sample loss.  

6. Using a Beckman JA 25.50 rotor, spin the homogenate at a centrifuge setting of 800 g for 10 

min. This step divides the IMF and SS mitochondrial subfractions. The supernate will contain 

the SS mitochondria and the pellet will contain the IMF mitochondria. 

 

 

SS mitochondrial isolation:  

1. Filter the supernate through a single layer of cheesecloth into a second set of 50 ml plastic 

centrifuge tubes.  

2. Spin tubes at 9000 g for 10 min. Upon completion of the spin discard the supernate and gently 

resuspend the pellet in 3.5 ml of Buffer 1 + ATP. Since the mitochondria are easily damaged, 

it is important that the resuspension of the pellet is done carefully.  



  137 

 

3. Repeat the centifugation of the previous step (9000 g for 10 min) and discard the supernate.  

4. Resuspend the pellet in 200 μl of Resuspension medium, being gentle so as to prevent damage 

to the SS mitochondria. Some extra time is needed during this final resuspension to ensure the 

SS pellet is completely resuspended.  

5. Keep the SS samples on ice while proceeding to islolate the IMF subfraction.  

 

IMF mitochondrial isolation: 

1. Gently resuspend the pellet (from step 6) in a 10-fold dilution of Buffer 1 + ATP using a teflon 

pestle.  

2. Using the Ultra-Turrax polytron set at 40% power output, polytron the resuspended pellet for 

10 s. Rinse the shaft with 0.5 ml of Buffer 1 + ATP.  

3. Spin at 800 g for 10 min and discard the resulting supernate.  

4. Resuspend the pellet in a 10-fold dilution of Buffer 2 using a teflon pestle.  

5. Add the appropriate amount of nagarse. The calculation for the appropriate volume is 0.025 

ml/g of tissue. Mix gently and let stand exactly 5 min.  

6. Dilute the nagarse by adding 20 ml of Buffer 2.  

7. Spin the diluted samples at 5000 g for 5 min and discard the resulting supernate.  

8. Resuspend the pellet in a 10-fold dilution of Buffer 2. Gentle resuspension is with a teflon 

pestle.  

9. Spin the samples at 800 g for 10 min. Upon the completion of the spin, the supernate is poured 

into another set of 50 ml plastic tubes (on ice), and the pellet is discarded.  

10. Spin the supernate at 9000 g for 10 min. The supernate is discarded and the pellet is 

resuspended in 3.5 ml of Buffer 2.  

11. Spin samples at 9000 g for 10 min and discard the supernate.  

12. Gently resuspend the pellet in 300 μl of Resuspension medium.  
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Mitochondrial Isolations - Flowchart 

Remove tissue and place in 
scintillation vial filled with Buffer 1

Mince tissue on watch glass until 
homogeneous

Place minced tissue in centrifuge tube 
and dilute 10-fold with Buffer 1 + ATP

Homogenize sample using a power 
output of 9.8 Hz for 10 seconds

Centrifuge samples at 800 g for 10 
minutes

Dilute pellet 10-fold in Buffer 1 + ATP 
and resuspend using Teflon pestle

Filter supernate through cheesecloth 
into another 50 ml centrifuge tube

Centrifuge sample at 9000 g for 10 
minutes

Add 3.5 ml of Buffer 1 + ATP and 
resuspend pellet using P1000

Centrifuge sample at 9000 g for 10 
minutes

Resuspend pellet in 95 ul of 
resuspension medium 

Homogenize at 9.8 Hz for 10 seconds

Centrifuge sample at 800 g for 10 
minutes

Dilute pellet 10-fold in Buffer 2 and 
resuspend using pestle

SS Mitochondria IMF Mitochondria

Add 0.025 ml/g of nagarse protease 
and place tube on ice on its side

Gently mix every minute and after 5 
minutes, add 20 ml of Buffer 2

Centrifuge sample at 5000 g for 5 
minutes

Dilute pellet 10-fold in Buffer 2 and 
resuspend using pestle

Centrifuge sample at 800 g for 15 
minutes

Pour supernate in a new 50 ml 
centrifuge tube and discard pellet

Centrifuge sample at 9000 g for 10 
minutes

Add 3.5 ml of Buffer 2 and resuspend 
pellet using P1000 

Centrifuge sample at 9000 g for 10 
minutes

Resuspend pellet in 180 ul of 
resuspension medium 
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MITOCHONDRIAL RESPIRATION________________________________________ 

Reference: Estabrook, R.W., Meth. Enzymol., 10: 41-47 (1967) 

 

The rate of mitochondrial respiration is an important consideration in the biochemical 

analysis of mitochondria.  There are three phases of interest in analyzing the respiratory ability of 

mitochondria.  Mitochondria produce ATP in the presence of oxygen.  The respiratory ability of 

the freshly isolated IMF and SS mitochondrial fractions and the homogenates can be illustrated by 

measuring the rate of oxygen consumption using a Clark oxygen electrode in the presence of a) 

the substrate alone (e.g. glutamate for state 4 or resting respiration); b) ADP, (state 3 or active 

respiration); and c) NADH+, which is used to measure the amount of damage that has occurred to 

the mitochondria, since the inner membrane is impermeable to NADH+. 
 

Reagents: 

  

1.    VO2 Buffer for muscle mitochondria: 

 

250 mM Sucrose  42.8 g/500 ml 

     50 mM KCl 1.86 g/500ml 

     25 mM Tris-HCl * 1.97 g/500ml             

     10 mM K2HPO4  0.871 g/500ml 

  pH to 7.4 

 * In place of 25mM Tris-HCl you can use 25 mM Tris (aka Tris (hydroxymethyl) 

methylamine).  This works out  to 1.5125 g/500ml (FW=121.4).  Using Tris in 

place of Tris-HCl means that you will have to add more HCl to get the pH down 

to 7.4 

2.  Glutamate - final conc. of 11.1 mM.............................2.0 M initial conc. (406.4 mg/ml) 

3. ADP - Final conc of 0.44 mM ..................................... 20 mM initial conc.  (8.54 mg/ml)  

4.  NADH - Final conc.: 2.8 mM........................................0.5 M initial conc. (354.7 mg/ml) 

  

Procedure: 

 

 1.  Set water bath at 30oC -- clean out chambers (Clark oxygen electrode; Yellow Springs Inst. 

Co., Yellow Springs, OH) and stir bars. 

 2.  Add 250uL of VO2 Buffer to each chamber. 

 3.  Insert electrode # 2 into the chamber. 

 4.  Remove all bubbles in the chamber and allow it to reach equilibrium temperature (30oC) 

while spinning. 

 5.  Set recorder for chamber # 2 and paper speed for 3 cm/min.  

 6.  Set monitor and recorder to 100 %. 

 7.  Remove electrode.  Add 50 µl of mitochondria into the chamber. 

8.  Allow a steady state to be reached. 

 9.  Add 12.5 µl of pyruvate and 12.5 µl of malate (heart) or 12.5 µl glutamate (muscle).  

10.  Wait approximately 3 minutes then add ADP: 50 µl for muscle, 100 µl for heart. 



  140 

 

11.  Wait (about 2-3 minutes) for a steady rate of state 3 respiration before adding 12.5 µl of 

NADH.  Prepare the next chamber while the respiration recordings are being made. 

12.  Clean out the chamber in the following manner : Remove the electrode and aspirate, remove 

the magnetic stir bar and aspirate, and finally, clean the electrode by rinsing with distilled 

water and pat dry. 

13.  Put electrode in the next chamber (which should already have the buffer and sample in it).  

14.  Prepare the next chamber while the measuring the respiration of the current chamber (ie. add 

2 ml of VO2 Buffer and allow to equilibrate). 

15.  Calculate the state 4, state 3 and NADH+ rates for each sample. Remember that the chart 

speed is 3 cm/sec and full scale is 100 %. (slope=rate=blocks/min) 

16. Calculate the rates of state 3 and state 4 respiration per mg of mitochondrial protein by 

dividing the state 3 and 4 rates by the amount of protein (mg) added to the VO2 Buffer.  

 

 Calculate the Respiratory Control Ratio (RCR):  

RCR = state 3 rate/ state 4 rate 

For the above ratio you need only use slopes from the graph.  However, for exact 

calculations of the state 3 and state 4 rates follow the method below: 
 

References: Biological Oxygen Monitor Instruction Manual (table 1, p.13). 

    Chappel, J.B. Biochem. J. (1964) 90:225-237 

• Assume a barometric pressure of 1 atm. (760 mmHg).  At 1 atm. the amount of 

oxygen dissolved in medium equals 5.47 µl O2/ml (value taken from Biological 

Oxygen Monitor Instruction Manual).  Since 2 ml are being used in the chamber, 

total O2 is equal to 2 x 5.47 = 10.94 µl.  The rate of change from 100% O2 can 

then be used to calculate the amount of O2 consumed per unit time: 

State 3 or 4 /mg protein x 10.94 µl O2 

          100% 

• But the units of O2 consumed are now typically expressed in units of natoms O2.  

 Thus, 

State 3 or 4 /mg prot. x 968 natoms O2 = x natoms O2/mg prot./min. 

      100% 

 

ROS EMISSION______________________________________________________ 
 

Background: Mitochondria are the primary source of reactive oxygen species (ROS) to the cell.  

It is estimated that about 2% of total cellular oxygen is converted ROS by the inappropriate 

reduction of molecular oxygen by intermediate members of the electron transport chain (ETC).  

ROS are damaging molecules that are capable of compromising the integrity of macromolecules 

within the mitochondria and may lead to overall organelle dysfunction.  In particular, mtDNA may 

be prone to attack by ROS because 1) mtDNA is located in close proximity to the ETC, 2) mtDNA 

lacks the protective sheath of histones compared to nuclear DNA and, 3) mitochondria have an 

insufficient repair system for mtDNA mutations.   ROS can exist in a variety of molecular 

permutations such as superoxide  (O2
-), hydroxyl radical (OH-) and hydrogen peroxide (H2O2).    

DCF (2,7,-dichloro-fluorescein; Fig.1) is a reagent that is non-fluorescent until the acetate 

groups are removed by intracellular esterases and oxidation occurs within the mitochondria 

(Fig.1).  DCF is oxidized by all of the different forms of ROS and this can be detected by 

monitoring the increase in fluorescence with a fluorometric plate reader.  The appropriate plate 
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reader filter settings for fluorescein are the following: Excitation 485/20 and Emission 528/20 

(Fig.2).  

   

 
  Fig.1-DCF molecule and oxidation of DCF resulting in fluorescence 

 

    
Fig.2-Absorption and Emission Spectra of oxidized dye               

 

KC4 Software Settings: The Settings icon in the upper left corner allows the alteration of various 

parameters.  Once clicked, another window appears, click on the Wizard Icon.  In this window 

there will be a variety of components that can be altered.  The following are the parameters that 

need to be changed in order to utilize the DCF and measure time-dependent ROS production from 

isolated mitochondria: 

 

1) Top Middle Panel- Absorbance, Fluorescence, Luminescence- choose Fluorescence 

2) Top Left Panel- End Point, Kinetic, Spectrum- choose Kinetic 

3) Top Middle Panel- Click on larger box labeled Kinetic to set parameters- Run Time 1:20:00, 

Interval 5:00 (takes a measure every 5 minutes), click on box labeled Allow Well Zoom during 

Read, and also click on box labeled Individual Well Auto Scaling- The Well Zoom and Auto 

scaling allows for monitoring each individual well during the experiment and scales it 

appropriately. 

4) Middle Panel-Filter Set- Choose #1, then set the excitation to 485/20, and emission to 528/20 

as described above.  The optics position should be set to the TOP (i.e. readings are taken from the 



  142 

 

top of the well) and the sensitivity is set at 50 (depending upon the amount and/or nature of the 

sample).  

5) Plate-Type-choose 96-well plate, choose which wells are to be read i.e. A1-C12. 

6) Shaking-Intensity set at 1, Duration set at 15s and then click the box that is labeled before 

every reading (it shakes the samples for 15 s before every reading). 

7) Temperature Control- Click on the box indicating YES, also click on box labeled pre-heating, 

and put 37°C into the temperature box. 

 

Reagents: 

DCF (2,7,-dichlorodihydrofluorescein diacetate) reagent MW=487.29 (Molecular Probes D-399/ 

100mg) 

1° STOCK- Make up 50mM Stock Solution in EtOH- 24 mg/ml- only make about 500ul i.e. 14 

mg per 500ul EtOH. Wrap stock solution in aluminum foil and limit exposure to light since DCF 

is light-sensitive. 

Working Stock Solution-2° STOCK- Dilute 50mM by 100-fold by taking 10ul and adding 990 

ul of EtOH to attain a 500uM DCF Stock Solution.  This will be the DCF concentration used to 

add to the reaction mixture. 

 

VO2 Buffer- refer to mitochondrial respiration protocol 

 

Procedure: 

 

1. SS and IMF mitochondria are isolated as described in the mitochondrial isolation protocol.  

Alternatively, frozen mitochondrial extracts can also be used.  

2. Determine the volume necessary for 50ug of mitochondria.  Typical volumes should range 

between 5-40ul depending upon concentration of mitochondrial extracts. 

3. Final concentration of DCF is 50uM.  The total volume of the reaction mixture is 250ul.  

Thus, 25ul of DCF is used in the reaction mixture since this represents a 10-fold dilution.  

Determine the amount of VO2 buffer necessary to make each of the reaction mixtures equal 

to 250 ul.  (Remember to include a control with only VO2 buffer and DCF reagent) 

4. Once table is complete and volumes for all samples have been determined, place the frozen 

(already thawed) or fresh mitochondria, VO2 buffer and DCF (500uM) into a 37°C 

circulating water bath for 5-10 min. 

5. Pipette the volume of VO2 buffer required for each of the samples followed by the 

mitochondrial samples into the appropriate wells of a 96-well plate.  In addition, include a 

well (usually in the corner well) with only 250 ul of VO2 buffer to monitor temperature 

(see below). Place the 96-well plate with the VO2 buffer and mitochondria into a 37°C 

incubator.  Using the YSI temperature probe, place the recording electrode into the well 

with buffer only and monitor the temperature until 37°C is reached.  During this time, be 

sure that the KC4 software is set up and that the Biotek plate reader is pre-heating to 37°C. 

6. Once mitochondria and buffer have reached temperature (37°C), take the DCF out of the 

circulating water bath (37°C) and quickly add the DCF to each of the reaction mixtures.   

Following addition of DCF, promptly place the plate into the Biotek plate reader for 

fluorescence measurement and start the KC4 program by pressing READ plate on the 

upper left portion of the computer screen.  Kinetic program will operate for 1 h and 20 min.
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