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ABSTRACT 

 Skeletal muscle adapts to external stimuli to meet metabolic and energetic needs 

imposed on it. As a highly metabolic tissue, mitochondria are the energetic cores of the cell and 

are central to the adaptive nature of muscle. Essential to the maintenance of mitochondria is the 

process of mitophagy, a selective form of autophagy through which damaged mitochondria are 

removed and degraded via the lysosome. Lysosomes and autophagy machinery are regulated by 

transcription factors, TFEB and TFE3, that are responsive to cellular stresses including exercise, 

disuse and starvation. Our work aimed to address the role of TFEB and TFE3 in mediating the 

adaptability of mitochondria in response to exercise and disuse. 

 To understand the role of TFEB and TFE3 in mediating the effects of exercise, we 

employed an in vitro model and silenced the expression of TFEB and TFE3.  While the absence 

of TFEB or TFE3 alone impacted the mitophagic response to a single bout of contractile activity, 

mitochondrial and lysosomal function improved with repeated bouts. These data support the 

notion that exercise stimulates multifaceted and often redundant signaling pathways to promote 

adaptations. However, the absence of TFEB and TFE3 together abolished functional 

mitochondrial and lysosomal adaptations to contractile activity, indicating that both TFEB and 

TFE3 together are required for adaptations.  

 We also sought to evaluate the role of TFE3 in atrophic conditions using denervation of 

the sciatic nerve as a model of disuse in both males and females. Basally, females exhibited 

increased lysosomal content, higher mitophagy flux and improved mitochondrial function. In 

response to denervation however, females appeared to preferentially preserve mitochondrial 

content at the expense of function by reducing mitophagy flux. Curiously, the absence of TFE3 
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in vivo preserved muscle mass in males and mitochondrial content in both sexes following 

denervation but this in turn increased mitochondrial dysfunction similar to wildtype females.  

 The significance of this work is that we provide further evidence of how lysosomes and 

mitochondrial turnover mediate mitochondrial adaptations to both positive and negative stimuli. 

Our data also highlight the importance of investigating the effect of biological sex, revealing 

distinct mitochondrial and lysosomal phenotypes in males and females.  
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CHAPTER ONE: 

INTRODUCTION 

 

 With ever growing advancements in technology and medicine, we as a population are 

experiencing longer and less labour-intensive lives. However, some argue that the cost of this 

lifespan extension is the increasing prevalence of metabolic diseases such as cardiovascular 

disease, cancer, type 2 diabetes, and neurodegenerative diseases. While inevitable, aging is a 

major risk factor for many of these, and it is estimated that by 2068,  up to 30% of the Canadian 

population will be 65 or older1. This is compounded by a rise in obesity, as StatsCan postulates 

that 27% of the Canadian population currently is clinically obese2. Advancements in automation 

and overall declines in the labour sector contribute to the prevalence of sedentarism, and feed 

into the pervasiveness of obesity within our society.  As such the maintenance of health and 

vitality throughout the lifespan is critical. While keeping an active lifestyle is an excellent way 

to promote healthspan, this positions skeletal muscle as an intriguing target tissue in the 

prevention of metabolic diseases.   

 Skeletal muscle comprises roughly 30-40% of body mass in a lean individual and is a 

highly metabolic tissue3. While often reduced to its role in locomotion, skeletal muscle is 

integral to the maintenance of whole-body metabolism and is critical to the preservation of 

quality of life4. A key feature of skeletal muscle is its plasticity, which allows it to adapt to 

external stimuli and meet metabolic demands. The adaptability of skeletal muscle underlies the 

beneficial effects of exercise, but also contributes to the negative repercussions of sedentarism 

and aging. While regular exercise promotes an oxidative phenotype within muscle that supports 
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positive changes in whole body metabolism, chronic disuse leads to losses in muscle mass and 

function and declines in metabolism. Central to the adaptive nature of skeletal muscle are 

mitochondria, the metabolic hub within the cell.  

 Similar to skeletal muscle, mitochondria are highly dynamic organelles that adapt to 

meet the needs of the cell. While mitochondria are fundamentally sites of energy production, 

they also participate in cellular signaling, oxidative stress, Ca2+ handling and apoptosis or cell 

death5. Mitochondrial content and function are maintained through the collaboration of 

processes that are collectively known as mitochondrial quality control (MQC). Essential to 

MQC is the process through which damaged organelles are removed and degraded, which is 

known as mitophagy, a selective form of autophagy. As dysfunctional mitochondria negatively 

impact cellular health through poor energy production and augmented oxidative stress, 

mitophagy is a pro-survival mechanism that recycles damaged organelles into their basic 

components to support future protein synthesis. Essential to the process of mitophagy are 

lysosomes, the degradative site within the cell. Lysosomes are highly acidic organelles replete 

with enzymes capable of breaking down proteins, lipids, carbohydrates and DNA. These 

organelles are regulated by a family of transcription factors, including TFEB and TFE36,7. TFEB 

and TFE3 also participate in the regulation of autophagy machinery, and are highly sensitive to 

a variety of cellular stresses including exercise, disuse and starvation8. These transcription 

factors are essential for mounting a pro-survival response to starvation. The role of TFEB and 

TFE3 in mediating the adaptability of mitochondria in response to stress remains to be examined. 

  In the event that poor quality mitochondria are not turned over, they can trigger 

apoptosis or cell death. Exercise is known to improve mitochondrial function, not only through 

an increase in the synthesis of mitochondria (mitochondrial biogenesis), but also through the 
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culling of damaged organelles through mitophagy to optimize the existing pool. In contrast, 

chronic disuse results in mitochondrial dysfunction which contributes to muscle wasting or 

atrophy. Thus, understanding the mechanisms involved in the mitochondrial turnover both in 

positive (exercise) and negative (disuse) conditions can provide valuable insight into skeletal 

muscle health, and how this contributes the maintenance of healthspan, rather than lifespan.  
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CHAPTER TWO:  

REVIEW OF LITERATURE 

 

1.0 MITOCHONDRIA IN SKELETAL MUSCLE 

Skeletal muscle is the largest organ system of the human body comprising roughly 30-40% 

of a healthy young adult’s total body mass3. Besides its most obvious role in maintaining posture 

and locomotion, skeletal muscle is a major contributor to whole body metabolism9. It serves as 

a site for glycogen storage, glucose uptake and utilization, and fat oxidation especially during 

exercise4. Furthermore, the ability of skeletal muscle to respond not only to acute demands, such 

as during exercise, but also to adapt to chronic stimuli, such as training or disuse, makes skeletal 

muscle a highly plastic tissue. The dynamic nature of skeletal muscle contributes to the benefits 

of exercise, but is also a major concern during sedentarism, aging, cancer and various other 

diseases as deconditioning can occur quite rapidly leading to poor quality of life and health 

outcomes5,10. Central to the overall health of skeletal muscle, as well as its ability to adapt are 

mitochondria, as these organelles are metabolic cores, signaling hubs, and can even contribute 

to the regulation of muscle mass. Thus, understanding how mitochondria respond and adapt to 

stimuli offers insight into the plasticity of skeletal muscle.  

1.1 SKELETAL MUSCLE STRUCTURE AND FUNCTION 

Skeletal muscle is a highly organized tissue, that is attached to bone through tendons to 

maintain posture and enable locomotion. As a “layered” tissue, skeletal muscle is bundled into 

multiple fascicles that house many myofibers (muscle cells), each muscle cell has its own 

membrane known as the sarcolemma. Beneath the sarcolemma, muscle is organized into 
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subunits known as myofibrils, which contain the contractile apparatus that is organized into 

sarcomeres, that repeat along the length of the myofibril11. While myofibrils are often depicted 

as a singular long structure, recent work has actually revealed that they exist in a mesh-like 

matrix whereby sarcomeres actually split or branch12,13. Intriguingly, it appears that the degree 

of branching is not uniform across all muscles, as more oxidative muscles exhibit branching in 

over 40% of sarcomeres, while more glycolytic fibers have less12. Tightly woven into muscle is 

a dense network of capillaries which supply the highly metabolic tissue with substrates.  

Closely associated with the sarcomere are transverse tubules (TT), and the sarcoplasmic 

reticulum (SR) which propagate action potentials to elicit contraction. Briefly, muscle 

contraction is dictated by motor neurons, which innervate hundreds to thousands of fibers, and 

is referred to as a motor unit. Here, depolarization of the motor neuron leads to the release of 

the neurotransmitter acetylcholine (Ach), at the neuromuscular junction (NMJ)14. Release of 

Ach, leads to the activation and opening of Na+ channels allowing the action potential to be 

propagated along the TT to stimulate the release of Ca2+ from the SR through ryanodine 

receptors (RyR). The influx of Ca2+ binds to troponin C, exposing the myosin-binding site on 

actin, allowing myosin and actin interaction thereby eliciting contraction through a process 

known as cross-bridge cycling. Ca2+ is then taken up by the sarco/endoplasmic reticulum Ca2+-

ATPase pump (SERCA) into the SR to allow relaxation15.  

Within skeletal muscle there are different fiber types that are generally classified by the 

expression of myosin ATPase isoform, and vary in contraction kinetics, and their metabolic 

characteristics16–18. Type I fibers are typically the smallest in cross-sectional area, are easily 

recruited/excited, possess slow shortening velocities, and are generally fatigue-resistant19. Type 

I fibers are also highly oxidative and possess an abundance of mitochondria (~10%) to support 
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ATP production, that are organized perpendicular and parallel to the myofibrils20. Type II fibers 

are subdivided into type IIa and type IIx. Type IIx are generally much larger in cross-sectional 

area, require a large stimulus for depolarization or recruitment, have very fast twitch kinetics, 

and produce the most force, but are highly susceptible to fatigue. Type IIx fibers largely rely on 

glycolysis for energy production and have a very low mitochondrial content (~2-3%) and are 

primarily organized perpendicular to the myofibril20. Type IIa fibers are intermediates between 

type I and type IIx and are generally referred to as fast oxidative fibers. 

1.2 MITOCHONDRIAL STRUCTURE AND FUNCTION 

Within skeletal muscle, mitochondria exist in two distinct subcellular locations; 

interspersed between the myofibrils are the intermyofibrillar (IMF) mitochondria, and beneath 

the sarcolemma and adjacent to the nuclei are the subsarcolemmal (SS) mitochondria21,22. These 

pools are morphologically and biochemically different, and support different functions in part 

due to their location, as SS mitochondria provide energy for membrane and nuclear events, 

while IMF largely contribute fuel for contraction23.  It has long be understood that mitochondria 

exist in a dynamic reticulum, and with recent technology providing the possibility of 3D 

reconstructions, it is possible to fully appreciate how extensive and complex the reticulum is24–

27. It has also been revealed that although the two pools are morphologically and biochemically 

distinct there are connections between SS and IMF mitochondria indicating that these 

subpopulations are capable of mixing25. 

Mitochondria are double-membranous structures which subdivide the organelle into two 

separate compartments. The innermost compartment is the matrix, which contains several 

copies of mitochondrial DNA (mtDNA), transcriptional and translational machinery, TCA 

cycle enzymes, ATP production enzymes, antioxidants, as well as various chaperones and 
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proteases to ensure that proteostasis is maintained. The matrix is surrounded by a highly 

convoluted membrane known as the inner membrane (IMM), and the tight cardiolipin-rich folds 

of the IMM are termed cristae and help densely pack the complexes of the electron transport 

chain (ETC) through which oxidative phosphorylation is carried out. The electrochemical 

gradient, also known as the proton motive force (PMF) is built up through the pumping of 

protons (H+) through complexes of the ETC into the intermembrane space (IMS)28. This energy 

is harnessed to produce ATP, but can also impose back-pressure on the ETC driving electron 

slippage and ROS generation within mitochondria29. Encapsulating the IMS is the outer 

mitochondrial membrane (OMM). Despite being permeable to ions and certain substrates, the 

OMM houses a number of receptors and channels to help regulate protein import into the 

mitochondria which is essential as mitochondria heavily rely on the nuclear genome despite 

having their own genomic material30,31.  

 Energy production in the mitochondrion begins with the breakdown of macromolecules 

into acetyl coenzyme-A, which feeds the tricarboxylic acid (TCA) cycle. The TCA cycle is 

capable of producing a minimal amount of adenosine triphosphate (ATP), but more importantly 

provides the reduced substrates nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2). NADH is then oxidized into NAD+ by Complex I, which pumps protons 

into the IMS and shuttles electrons to Complex III through Coenzyme Q. Complex II oxidizes 

FADH2 into FAD+ and shuttles electrons to Complex III in a similar fashion. Complex III then 

continues to shuttle electrons over to Complex IV through Cytochrome c but is also capable of 

pumping H+ into the IMS. Complex IV then oxidizes Cytochrome c, while pumping H+ into the 

IMS, and donating the free electron to the final electron acceptor, oxygen to produce water. As 

such, oxygen consumption is often used as a surrogate for oxidative phosphorylation or 
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mitochondrial function in general32,33. The PMF built up in the IMS is then harnessed by 

Complex V, which in the presence of ADP dissipates the gradient by allowing  protons to flow 

back into the matrix and produces ATP by combining its precursors ADP and Pi28,34. In the 

absence of ADP, the PMF can exert back pressure on the ETC and cause electrons to 

prematurely slip off and generate free radicals known as reactive oxygen species (ROS)29,35,36. 

For this reason, mitochondrial ROS production is inherently tied to oxygen consumption and 

the function of the ETC (Fig. 1). Mitochondria are equipped with antioxidant machinery to 

convert superoxides into less harmful H2O2, namely superoxide dismutase 2 or manganese 

superoxide dismutase (SOD2) which effectively buffer free radicals in mitochondria37,38. 

Therefore, H2O2 is the most common free radical in the matrix, and is often used as a measure 

of ROS emission38,39. 

1.3 MITOCHONDRIAL LIFE CYCLE 

Mitochondria are highly dynamic organelles that undergo constant remodeling of the 

reticulum and undergo turnover once the organelle is no longer viable. Mitochondria are not 

formed through a de novo process but rather are generated through the expansion of the existing 

reticulum. Through mitochondrial biogenesis, signals largely impinge on the activation of 

peroxisome proliferator-activated receptor (PPAR)-g coactivator -1a (PGC-1a), the master 

regulator of mitochondrial biogenesis (Fig. 1). PGC-1a co-activates a variety of transcription 

factors including but not limited to nuclear respiratory factor (NRF1; NRF2), PPAR family, and 

estrogen-related receptors (ERRa/b/g) to upregulate the expression of nuclear genes encoding 

mitochondrial proteins (NuGEMPs)40–43. Despite containing its own genomic material, mtDNA 

only encodes 13 proteins, thus mitochondria largely rely on the nuclear genome and these 

products must then be imported into the organelle in a highly regulated manner44–46. Two of the 
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downstream targets of PGC-1a are mitochondrial transcription factor A and B2, Tfam and 

TFB2M, which transcriptionally regulate mtDNA47–49. Tfam facilitates the recruitment of 

mtDNA transcription and replication factors thereby upregulating mitochondrially-encoded 

genes49–52. Tumor suppressor protein 53 (p53) has also been shown to play a dual role in 

regulating both the nuclear and mitochondrial genomes and can further stabilize mtDNA in 

cooperation with Tfam53–59. The expression of the two genomes must be coordinated to achieve 

stoichiometry and form functioning holoenzymes60–62.  

Mitochondrial biogenesis is an energetically sensitive process. Signals that stimulate 

mitochondrial biogenesis include the ADP:ATP ratio, NAD+ levels, ROS and calcium63–67. 

During situations of increased energy demand, such as exercise, ADP:ATP will increase, as will 

the availability of AMP, causing the activation of AMP-activated protein kinase (AMPK) which 

has been shown to phosphorylate and stimulate nuclear action of PGC-1a68–70. Pharmacological 

agents such as AICAR and Metformin have been touted as “exercise-mimetics” as these activate 

AMPK and have been shown to improve mitochondrial quality71–75. NAD+ also serves as a 

signal for mitochondrial biogenesis, which is sensed by sirtuins (SIRT1, SIRT3) and can 

deacetylate PGC-1a allowing it to translocate into the nucleus76–78. Through SIRT action, 

resveratrol and nicotinamide riboside, the precursor for NAD+, have been shown to improve 

mitochondria, but so far these agents have fallen short of the panacea that is exercise with its 

wide range of whole-body benefits76,79–81. ROS can also stimulate mitochondrial biogenesis in 

a multi-faceted way through p38 mitogen-activated protein kinase (MAPK) and AMPK64,82–85 

It is highly controversial whether or not the use of supplemental antioxidants prevents exercise-

induced benefits, however some groups have shown that external antioxidant intake blunts 

adaptations to exercise as ROS are major signaling molecules within the cell86,87. During muscle 
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contraction, Ca2+ is released to support myosin-actin crossbridge cycling, and these influxes of 

Ca2+ have been shown to activate Ca2+/calmodulin-dependent protein kinase, CaMK, and 

Calcineurin, and in turn PGC-1a88–92. Despite the fact that many of the signaling cascades 

described here converge on PGC-1a, it is not actually required for mitochondrial biogenesis. 

While basally, animals lacking PGC-1a do exhibit mitochondrial impairments, young mice are 

capable of improving both mitochondrial content and function following exercise training93–99.  

The mitochondrial reticulum is in constant flux, as the network continuously undergoes 

events of fusion and fission (Fig. 1). Fusion is the process through which mitochondria can be 

added to the reticulum. This is largely carried out by mitofusin-1 and -2, (Mfn1, Mfn2) and 

optic atrophy 1 mitochondrial dynamin-like GTPase (OPA1) which aid in the fusion of the outer 

and inner membranes respectively100,101. A large network with a high level of branching is 

indicative of healthy mitochondria and is a common characteristic following exercise training.   

This allows for substrate sharing, energy distribution, effective communication, and can 

also help buffer transient defects102–105. Fission on the other hand is the process through which 

portions of the mitochondrial reticulum are excised and carried out by dynamin-related protein 

1(Drp1) encircling the mitochondria and recruiting factors such as mitochondrial fission protein 

1 (Fis1) and mitochondrial fission factor (Mff) to constrict and pinch the organelle from the 

reticulum. These events can occur in healthy portions of the network, or in damaged areas, 

ultimately facilitating their removal and degradation106,107. Fission events that occur in healthy 

portions of the reticulum are carried out by Drp1 and Mff and occur in contact with the ER107–

110. While fission events that take place in dysfunctional areas are dependent on Drp1 and Fis1 

and happen in close proximity to the lysosome. This is usually an asymmetrical division, in 

which the smaller damaged portion is excised to limit the spread of free radicals and membrane  
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Figure 1: Mitochondrial life cycle. Mitochondrial biogenesis is the process through which 
mitochondria are synthesized, and is stimulated though a variety of signals, often seen with 
exercise, such ATP turnover, reactive oxygen species, influxes of calcium, and increases in 
NAD+. These signals all converge on PGC-1a, widely regarded as the master regulator of 
mitochondrial biogenesis, as PGC-1a co-activates a number of transcription factors that 
upregulate nuclear genes encoding mitochondrial proteins. However, PGC-1a is not the sole 
regulator as other transcription factors have been shown to regulate NuGEMPs as well such as 
tumor suppressor protein, p53. Since mitochondria also contain their own genomic material, 
mtDNA, transcription factors such as Tfam and p53 can bind to the D-Loop to upregulate the 
expression of mitochondrial-encoded proteins. Since mitochondrial biogenesis is not a de novo 
process, but rather an expansion of the existing reticulum, nascent mitochondrial proteins need 
to be imported into mitochondria and incorporated with mitochondrial encoded proteins to form 
holoenzymes. For this reason, import and proteostasis are highly regulated within mitochondria. 
In instances of proteotoxic stress such as protein misfolding or orphaned subunits, mitochondria 
are equipped with chaperones and proteases, like LonP and Cpn10 to maintain stoichiometry 
and proteostasis. The reticulum can also be expanded through events of fusion, whereby 
mitofusins tether and ligate outer membranes, while OPA1 fuses the inner membrane. A highly 
fused and interconnected reticulum allows for substrate sharing, and efficient ATP production. 
ATP production is carried out primarily through oxidative phosphorylation via the electron 
transport chain found on the inner mitochondrial membrane. Here substrates are oxidized, and 
protons are pumped through the inner membrane to the IMS, building up an electrochemical 
gradient. Electrons flow through the complexes of the ETC, to meet the final electron acceptor, 
oxygen, forming water. Complex V, or ATP synthase, harnesses the energy of the 
electrochemical gradient and allows protons to flow back into the matrix and this energy is used 
to generate ATP. A consequence of the ETC is the production of reactive oxygen species (ROS), 
as electrons can prematurely slip and generate superoxides, which can damage the organelle if 
ROS are produced in excess or not scavenged. Dysfunctional portions of the reticulum can be 
excised from the network through fission. Fis1 on the mitochondrial membrane recognizes and 
binds Drp1, which encircles and constricts the mitochondrion to separate the dysfunctional 
organelle from the network. Under basal conditions, PINK1 is imported into the matrix and 
degraded by PARL, thereby constantly monitoring mitochondrial health. As damaged 
mitochondria often exhibit a loss in membrane potential, increased ROS emissions, and ATP 
depletion, these signals inhibit import, thus causing PINK1 to accumulate on the outer 
membrane. PINK1 can then activate Parkin, which polyubiquitinates outer mitochondrial 
proteins which serve as a signal and recruit an autophagosome. The autophagosome is tethered 
to the ubiquitin chains through adaptor proteins and encircles the damaged organelle. Once fully 
engulfed, the autophagosome travels along microtubule tracts to the lysosome where the cargo 
is degraded into basic cellular constituents, this process is known as mitophagy. Amino acids 
are then exported back into the cytosol to support future protein synthesis.  
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depolarization, and then targeted for degradation via the lysosomes, through the process of 

mitophagy107,111,112. 

Mitophagy is a selective form of autophagy, which is a broad term for the cellular 

recycling of damaged components into basic constituents carried out by the lysosomes. Most 

autophagy-related pathways share similar initiation, nucleation and elongation steps to generate 

an autophagosome, which is a membranous structure that engulfs dysfunctional cargo (Fig. 4, 

discussed further in Section 2.2). Initiation requires the activation of the Unc-51 like autophagy 

activating kinase (ULK1) complex which in turn activates the Beclin-1 complex113,114. 

Nucleation involves the production of the phospholipid, phosphatidylinositol phosphate 

(PI(3)P), which is a major component of the lipid membrane of the autophagosome114–116. The 

autophagosome is then elongated through a series of autophagy-related gene (ATG) mediated 

steps to lipidate and activate microtubule-associated proteins 1A/1B light chain (LC3) into LC3-

II, as well as gamma-aminobutyric acid receptor-associated protein (GABARAP) and golgi-

associated ATPase enhancer of 16kDa (GATE16)117–120. The autophagosome engulfs the 

damaged cargo and is transported to the lysosome via microtubule tracts. Fusion of the 

autophagosome to the lysosome is supported by SNARE proteins and lysosomal-associated 

membrane protein, LAMP, to allow the contents of the autophagosome to be degraded by the 

lysosome. The process of autophagy is critical for the maintenance of a healthy skeletal muscle.  

1.4 MITOCHONDRIA AS REGULATORS OF SKELETAL MUSCLE  

As skeletal muscle is a highly metabolic tissue it relies heavily on the energy provided 

by mitochondria to support its function. This is evident in models of severe mitochondrial 

dysfunction, such as that in animals lacking PGC-1a, which exhibit poor exercise performance 

and are prone to fatigue121. Mitochondrial dysfunction, if not addressed can lead to 
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mitochondrially-mediated apoptosis or cell death. Events such as influxes of mitochondrial Ca2+ 

and oxidative stress can promote the opening of the mitochondrial permeability transition pore 

(mtPTP) resulting in the release of apoptotic factors such a apoptosis inducing factor (AIF) and 

cytochrome c into the cytosol122–126. The presence of these factors outside of mitochondria can 

initiate caspase cascades which culminate in DNA fragmentation and nuclear decay. Since 

skeletal muscle cells are multinucleated, this may not result in the death of the entire fibre but 

will cause localized atrophy which can expand and cause apoptosis and necrosis of the rest of 

the cell, contributing to muscle atrophy commonly seen with disuse and aging127,128. Thus, the 

maintenance of mitochondria within skeletal muscle has implications for function, as well as 

muscle mass129.  

1.5 ESTROGEN AS A MITOCHONDRIAL REGULATOR 

 Recently there has been a significant shift in the literature towards understanding the 

role of biological sex in physiological and pathological conditions, as biological sex, and 

perhaps estrogen specifically, have significant implications. Perhaps the most striking is that 

the incidence of stroke and cardiovascular disease are more prevalent in men than women, but 

only until menopause, after which the incidence rate is much higher in females. Although not 

the focus of this review of literature, it provides an example of the importance of understanding 

the role of sex and sex hormones in physiology.  

 Estrogen, the dominant sex hormone present in females, is a category of 18-carbon 

corticosteroids released by the ovaries in females, and to a lesser extent by the testes in males130.  

17b-estradiol (E2) is the most common and most potent, while estriol (E1) and estrone (E3) are 

present at lower levels130. As the majority of the literature focuses on 17b-estradiol this will be 

interchangeably referred to as estrogen. There are 3 main estrogen receptors (ER), including 
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ERa, ERb and G protein-coupled estrogen receptor (GPER), which dimerize upon ligand 

binding to transcriptionally regulate estrogen response elements (ERE) in the genome131. 

Estrogen is critical for skeletal muscle homeostasis and mitochondrial maintenance as ERa can 

transcriptionally regulate NuGEMPS, PGC-1a, and can translocate into the mitochondrial 

matrix to regulate mtDNA131. As such it has been previously shown that females have increased 

mitochondrial mass, oxidative capacities, lipid oxidation, and better Ca2+ handling, contributing 

to improved endurance capacity and fatigue resistance in comparison to males 132–140. Although, 

this increased oxidative capacity is not always observed in humans141–143, which may be 

attributed to other confounding variables. Muscle specific deletion of ERa results in 

mitochondrial dysfunction, characterized by reduced oxygen consumption, increased ROS, 

impaired morphology and poor mitochondrial turnover144. Thus, this illustrates the importance 

of estrogen and ER in the maintenance of mitochondria in skeletal muscle.  

 Aside from its role in mediating gene expression, estrogen can also regulate 

mitochondria in other ways. Estrogen is heavily implicated in oxidative stress and ROS 

generation, and females exhibit less ROS emission in comparison to males, a phenomenon 

which is also seen in humans130,143–145. Transcriptionally, estrogen can promote the expression 

of antioxidants such as MnSOD and HO-1, through the activation of CREB145. Moreover, 

estrogen itself acts as an antioxidant by scavenging free radicals130,146,147. There is also evidence 

that upon translocation into the mitochondrial matrix, ERs can interact with ETC subunits to 

reduce ROS production145,148–150. Furthermore, due to its cholersterol-like structure, 17b-

estradiol can imbed itself into mitochondrial membranes151,152 thereby improving the integrity 

of the membrane and reducing H2O2 emission152. Thus, it is clear that the role of sex, and 
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specifically estrogen, is critical in the maintenance of mitochondria basally and understanding 

the impact of sex in pathological conditions may be key in sex-specific therapeutic approaches.  

2.0 MITOCHONDRIAL TURNOVER AND LYSOSOMES 

 2.1 LYSOSOME STRUCTURE AND FUNCTION 

 Lysosomes are membrane-bound organelles that are highly acidic with a typical pH 4.5-

5.5, which is required for proper lysosome function153. Vacuolar-type ATPase, v-ATPase, 

hydrolyzes ATP to pump protons against their gradient into the lysosomal lumen to maintain 

this acidic environment154,155. Ca2+ is also critical for the acidification of the lysosome, but also 

has other roles in mediating the fusion with endosomes, autophagosomes and the plasma 

membrane, as well as the formation of ER-contact sites8. The lysosomal lumen contains a 

heterogenous array of >60 acid hydrolases that enable the breakdown of macromolecules, 

including proteins, lipids, carbohydrates and nucleic acids8,156,157. These cellular components 

are degraded into building blocks, such as amino acids, to maintain cellular homeostasis.  

 Lysosomal biogenesis is a coordinated process that requires both the synthesis of 

lysosomal proteins, as well as endosome-lysosome trafficking (Fig. 2). Most lysosomal 

hydrolases are tagged with mannose-6-phosphate in the ER, and trafficked to the Golgi158. Here, 

the mannose-6-phosphate is phosphorylated and recognized by mannose-6-phosphate receptors 

(MPR) and packaged into vesicles in the trans-Golgi network (TGN) to be delivered to early 

endosomes158,159. Within the early endosome, the MPR complex is removed and recycled back 

to the TGN. The early endosome matures into a late endosome and the hydrolases are delivered 

to the lysosome through brief interactions known as the “kiss and run” mechanism159,160. 

Alternatively, fusion of the endosome and lysosome can also occur through SNARE proteins 

and the release of Ca2+, generating a hybrid organelle in which the majority of the cargo is 
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degraded8,161.  Lysosomal hydrolases can also be delivered in an indirect method, which 

involves them being taken to the plasma membrane and undergoing endocytosis and delivery 

to an early endosome158. Moreover, the composition of the lysosomal membrane is even more 

diverse, as it houses 1) an array of transporters that facilitate the export of cholesterols, sugars, 

nucleosides, and amino acids; 2) proteins that facilitate organelle fusion and contact such as 

SNARE proteins, tethering factors and GTPases; 3) motor adaptors that facilitate lysosomal 

movements; and 4) signaling complexes8.   

2.1.1 Transcriptional Regulators: MiT Family 

The microphthalmia (MiT) family are basic helix-loop-helix leucine zipper transcription 

factors comprised of TFEB, TFE3, MITF and TFEC162. The members of the MiT family are 

structurally very similar, except TFEC which lacks a transactivation domain, and acts as a 

transcriptional repressor of its dimerization partner163. Dimerization is required for the 

recognition of the palindromic E-box elements (CANNTG)162.  TFEB is often regarded as the 

master regulator of lysosomal biogenesis as it was first discovered to regulate lysosome- and 

autophagy-related genes in response to starvation, by binding coordinated lysosome expression 

and regulation (CLEAR) elements (GTCACGTGAC) on the genome6,164. Indeed, the 

overexpression of TFEB is sufficient to increase lysosomal content and promote 

autophagy165,166. In contrast, lack of TFEB does reduce lysosomes, but this does not have an 

impact on autophagosome formation or on autophagy basally. However, it is required for stress-

induced responses specifically in the context of starvation167. In line with these findings, 

redundant roles have been described for TFE3 and MITF in binding the same CLEAR network 

supporting the idea of compensation amongst the MiT family168–170. Similar to TFEB, the loss 

of TFE3 does not result in a lysosomal or autophagy impairment basally but is required for 
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stress-induced lysosomal and autophagic responses and its overexpression is sufficient to 

stimulate autophagy and lysosomal biogenesis169 Despite being expressed in all human tissues, 

MITF is predominantly found in retinal pigment epithelium (RPE), osteoclasts, melanocytes 

and a variety of immune cells170–173. Thus, TFEB and TFE3 have been the focus of the majority 

of emerging literature with respect to autophagy and lysosomes.  

2.1.2 Regulation of TFEB and TFE3 

Basally both TFEB and TFE3 are kept inactive in the cytosol but are responsive to a 

variety of cellular stresses (Fig. 2). Mechanistic target of rapamycin complex 1 (mTORC1) links 

nutrient deprivation to lysosomal biogenesis and the stimulation of autophagy, as it is optimally 

positioned on the lysosomal membrane to sense amino acid availability174–176. Under nutrient 

rich conditions, mTORC1 is activated by small Rag GTPases and Rheb present on the lysosomal 

membrane, allowing mTORC1 to phosphorylate TFEB on Ser142 and Ser211, and Ser321 on 

TFE3177–181. The Rag GTPases can also recruit the MiT family to the lysosomal membrane to 

facilitate mTORC1 phosphorylation, which provides a docking/binding site for chaperone 14-

3-3 thereby masking their nuclear localization signal167,182. Following starvation, mTORC1 is 

inhibited and TFEB is released from the lysosomal membrane168,175. During nutrient-rich 

conditions, mTORC1 is not the only regulator of TFEB, as ERK2 is also capable of 

phosphorylating TFEB on Ser142 favouring cytosolic localization183. However, it should be 

noted that the relationship between mTORC1 and TFEB is far more complex, as studies in renal 

cells have demonstrated that mTORC1 can phosphorylate TFEB on its C-terminus and this in 

contrast promotes nuclear localization176. Similarly, in osteoclasts PKCb has also been shown 

to phosphorylate serine residues (Ser461, Ser466, Ser468) on the C-terminus to promote  
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Figure 2: Regulation of lysosomal biogenesis. Lysosomes are a major degradative organelle 
within the cell, which are highly acidic and replete with hydrolases capable of degrading protein, 
lipids, carbohydrates and DNA into basic cellular constituents that can be reused by the cell. 
The lysosomal membrane is highly diverse and houses an array of transporters that facilitate the 
export of these components back into the cytosol. There are also a number of proteins that enable 
the fusion of lysosomes to other organelles, such as SNARE and LAMP proteins. Also present 
on the lysosomal membrane is v-ATPase, which pumps protons into the lysosomal lumen, to 
maintain the low pH (4.5-5.5) necessary for proper lysosomal function. Ca2+ is also thought to 
play a role in the acidification of the lysosomes, although this is still poorly understood. Proper 
Ca2+ handling is essential for lysosomal function, and MCOLN1 facilitates the export of Ca2+ 
from the lysosomal lumen. mTORC1, a cellular rheostat that promotes protein synthesis and 
inhibits protein breakdown is highly associated with lysosomes. Under nutrient rich conditions, 
Ragulator and Rag proteins, found on the lysosomal membrane, recruit and activate mTORC1, 
which then can phosphorylate and inhibit MiT family members such as TFEB and TFE3. This 
phosphorylation promotes the binding of chaperone 14-3-3 and sequesters MiTs in the cytosol. 
However, under conditions of stress such as starvation, mTORC1 is inactive and Ca2+ is released 
from the lysosomal lumen through MCOLN1. This influx of cytosolic Ca2+ activates Ca2+-
dependent phosphatase Calcineurin, which dephosphorylates TFEB and TFE3, and promotes 
the dissociation of 14-3-3, thus allowing nuclear translocation of TFEB and TEF3. Recently it 
has also been shown that TFEB and TFE3 are sensitive to ROS and AMPK which can 
independently promote their nuclear localization. Once in the nucleus, TFEB and TFE3 can 
homo- and hetero-dimerize and bind CLEAR sites found primarily in promoter regions of genes 
associated with autophagy and lysosomes. TFEB and TFE3 are widely referred to as the master 
regulators of lysosomal biogenesis and they exhibit a high level of redundancy. However, other 
transcription factors have been shown to regulate autophagy and lysosomal genes such as 
FOXO and STAT. Lysosomal biogenesis relies on the upregulation of the expression of 
lysosomal genes and also an endocytotic pathway. Many nascent lysosomal hydrolases are 
tagged with mannose-6-phosphate, recognized by mannose-6-phosphate receptors and 
packaged by the trans-Golgi network. These vesicles fuse with early endosomes forming late 
endosomes which share many characteristics as lysosomes but differ in that they contain 
mannose-6-phosphate receptors and their membranes are not as complex as lysosomes. Within 
the endosome, the mannose-6-phosphate and receptor complex is removed and shuttled back to 
the Golgi. Late endosomes can then fuse, or transiently link, to lysosomes to donate the 
lysosomal enzyme. It should be noted that while many lysosomal hydrolases rely on this 
pathway, many are actually shuttled to the plasma membrane and incorporated through 
endocytosis. However, these mechanisms remain poorly characterized.  
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stabilization and nuclear localization, and this is required for normal osteoclast function in 

vivo184. Thus, TFEB regulation may be highly nuanced and tissue-specific (Fig. 3).  

Following starvation, Ca2+ is another major regulator of the MiT family. Ca2+ is released 

from the lysosome via mucolipin-1 (MCOLN1), which activates Calcineurin, a Ca2+-dependent 

phosphatase, capable of dephosphorylating TFEB and TFE3 thereby allowing their nuclear 

translocation185. MCOLN1 is also sensitive to oxidative stress as increased ROS can trigger the 

release of Ca2+ from the lysosome and subsequent activation of Calcineurin and CAMK 

independent of nutrient status186,187. Furthermore, ROS can also trigger the release of Ca2+ from 

the SR by oxidizing the ryanodine receptors188. Interestingly, the MiT family possesses a highly 

conserved exposed cysteine residue, Cys212 on TFEB and Cys322 on TFE3, that can become 

oxidized, resulting in their nuclear localization189. Furthermore, AMPK has recently been 

shown to be a key regulator of TFEB and TFE3 as it phosphorylates the transcription factors on 

a triple serine residue found on the C-terminus190. This post-translational modification was 

shown to be required for their ability to regulate gene expression, but not necessary for nuclear 

localization. Interestingly, AMPK also regulates coactivator-associated arginine 

methyltransferase 1, CARM1, which has recently been shown to act as a transcriptional 

coactivator of TFEB in the regulation of lysosomal and autophagy genes191. Thus, TFEB and 

TFE3 are responsive to nutrient deprivation, influxes of intracellular Ca2+, oxidative stress and 

energetic stress.  

Moreover, TFEB is known to participate in an autoregulatory loop during starvation. 

The TFEB promoter contains six CLEAR elements and following starvation TFEB can bind to 

four of these CLEAR domains to regulate its own expression183. It remains unknown whether 

other MiT family members can regulate the CLEAR elements on the TFEB promoter. To date,   
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Figure 3: Structure and post-translational modifications of TFEB and TFE3. The two 
transcription factors share a high level of homology, as both proteins are basic helix loop helix 
(bHLH) leucine zipper (Zip) transcription factors. This structure allows members of the MiT 
family to homo- and hetero-dimerize and bind to DNA. Their transactivation domain (TD) 
resides in close proximity to the bHLH motif, and this allows TFEB and TFE3 to regulate 
transcription. The main differences in structure are that TFEB contains a glutamine-rich region, 
while TFE3 does not, and TFE3 contains a proline and arginine rich region, while TFEB is just 
proline rich. Due to their structural similarities, many post-transcriptional modifications are 
shared by the two transcription factors. The canonical mode of regulation is through mTORC1, 
which phosphorylates Ser211 on TFEB and Ser321 on TFE3 which allows for the binding of 
chaperone 14-3-3, leading to their cytosolic retention. It has also been shown that mTORC1 can 
further regulate TFEB through inhibitory phosphorylation events at Ser122 and Ser142, however 
in a hyperactive mTORC1 model it was also shown that mTORC1 phosphorylation of TFEB at 
Ser462, 463, 469 can actually activate the transcription factor. Moreover, Akt has been shown to 
negative regulate both TFEB and TFE3 through phosphorylation events of Ser467 and Ser565 
respectively. Recently, it has been shown that Cys212 on TFEB and Cys322 on TFE3 are sensitive 
to oxidation and this actually promotes their nuclear translocation. Furthermore, AMPK has 
been shown to phosphorylate triple serine residues on TFEB and TFE3 (466, 467, 469 and 567, 
568, 570 respectively) to promote their nuclear translocation and this modification is required 
for their transcriptional activity. While TFEB has been the more extensively studied thus far, 
other kinases have been shown to participate in the regulation of TFEB such as GSK3b, ERK2, 
and PKCb but it is unclear if TFE3 is also subject to the same regulatory modifications.  
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seven distinct TFEB transcripts have been described and exhibit tissue-specific expression 

patterns, although these variants only vary in a non-coding region in their 5’-end171. Despite 

these variations in pre-mRNAs there has only been one protein isoform of TFEB described, 

until very recently. In a wide array of tissues, a small 281 amino acid splice variant of TFEB 

was discovered that lacks the basic helix-loop-helix leucine zipper motif192. It was found that 

this splice-variant, named small TFEB or TFEB-S, is highly unstable but actually represses 

known targets of TFEB such as genes containing CLEAR elements and antioxidant response 

elements (ARE)192. Thus, it is thought that TFEB-S acts as a transient negative regulator of 

TFEB to fine-tune the autophagy and lysosomal response.  

2.1.3 TFEB and TFE3, More Than Lysosomal Regulators 

Although TFEB and TFE3 are most known for their roles in lysosomal biogenesis and 

the regulation of autophagy, these transcription factors are involved in a number of other cellular 

processes. Intriguingly, whole body deletion of TFEB is embryonic lethal as TFEB is required 

for the vascularization of the placenta193. This function has not been described for other MiT 

members and deletion of TFE3 produces a viable offspring with no overt phenotype. In this 

vein however, TFE3 has been shown to be important in the maintenance of pluripotency, as 

cytosolic sequestering of TFE3 is required for embryonic stem cells to exit their naïve 

pluripotent state and commit to cellular differentiation194. Furthermore, it has been shown that 

in culture TFE3 negatively regulates myotube differentiation by downregulating the expression 

of myogenin195. Mutation of MITF is associated with Waardenburg syndrome type II, in which 

patients present with hypopigmentation, deafness and defects in ectodermal development196. 

Thus, despite being most known for their roles in autophagy and lysosomal biogenesis, the MiT 

family is important in diverse pathways relating to organism development.  
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Recent work has also highlighted a key role for TFEB and TFE3 in whole-body 

metabolism. In 2013, Dr. Ballabio’s group was the first to describe a role for TFEB in lipid 

metabolism during starvation, as they showed that TFEB transcriptionally regulates PGC-1a 

and PPARa to upregulate lipid breakdown. In the liver, TFEB overexpression increased PGC-

1a and PPARa, and enhanced fatty acid oxidation, while the loss of TFEB in the liver reduced 

lipophagy (breakdown of lipid droplets via the lysosomes) leading to an accumulation of fatty 

deposits in the liver, and decreased circulating ketone bodies following starvation183. Similarly, 

TFE3 whole body knockout animals are more susceptible to obesity following a high-fat diet as 

they gain significantly more weight, and exhibit impaired lipolysis197,198. It was specifically 

shown that TFE3 transcriptionally regulates lipases such as Atgl and Hsl in adipose tissue and 

also regulates PGC-1a in adipocytes198,199. Interestingly, liver-specific overexpression of TFEB 

and TFE3 is protective against obesity by preventing weight gain and maintaining insulin 

sensitivity following a high-fat diet and in the Ob/Ob mouse model of obesity183.  

TFEB and TFE3 have also been implicated in glucose metabolism. Overexpression of 

TFEB results in improved glucose uptake by skeletal muscle likely due to increased expression 

of glucose transporters (GLUT1, GLUT4 and TBC1D1) and hexokinase 1 and 2200. Skeletal 

muscle-specific deletion of TFEB impairs glucose uptake and decreases glycogen stores leading 

to insulin-resistance. TFE3 whole body knockout animal, also present with perturbed glucose 

metabolism, but this appears to be more linked to impaired glycogen synthesis leading to 

reduced glycogen storage as the expression of glycogen synthase kinase (GSK) is 

decreased197,199,201. In fact, when challenged with a bout of exercise, these animals are unable 

to replenish their glycogen stores post-exercise197.  
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 Notably, important roles for TFEB and TFE3 in mitochondrial homeostasis have also 

been described that go beyond their role in regulating the autophagy machinery, and thereby 

mitochondrial turnover. Skeletal muscle-specific deletion of TFEB resulted in mitochondrial 

dysfunction characterized by loss of membrane potential and elevations in ROS emission200. 

This was deemed to be independent of impaired mitochondrial clearance as no changes in 

autophagy flux were observed200. Similarly, TFE3 KO animals showed reduced expression of a 

number of mitochondrial markers, and impairments in oxygen consumption were observed in 

the liver along with evidence of increased oxidative stress197. Furthermore, it was shown that 

overexpression of TFEB increased mitochondrial content and function, and although TFEB has 

been shown to regulate PGC-1a this effect was independent of the coactivation of PGC-1a200,202. 

Interestingly, TFE3 directly regulates Fis1, a key fission protein, and as Fis1-dependent fission 

is key for mitophagy it remains to be known what role mitophagy, plays in the phenotype197.  

 2.1.3 Other Regulators of Lysosomes and Autophagy Machinery  

 Aside from the MiT family, the forkhead box O (FoxO) family of transcription factors 

are also key regulators of the autophagy pathway. In the context of muscle atrophy, which will 

be covered in greater detail in a later section, FoxO3 has been shown to regulate the ubiquitin-

proteasome system as well as autophagy, contributing to muscle atrophy203–206. Importantly, 

FoxO3 is required and sufficient to induce autophagy in skeletal muscle and this is independent 

of mTOR as the addition of rapamycin did not effect the induction of autophagy207–209. FoxO3 

was shown to directly regulate autophagy-related genes LC3 and BNIP3, and BNIP3-mediated 

autophagy appears to be the main mitophagic mechanism regulated by FoxO3207. Since then, 

similar roles have been described for the other members of the FoxO family210.  
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Recently, another MiT-independent pathway is emerging that appears to be specifically 

responsive to lysosomal status. In renal tissue, the loss of asparagine endopeptidase or other 

lysosomal cysteine proteases triggers the activation of STAT3211. The activation of STAT3 

appears to be in response to lysosomal oxidative stress211. In this vein, STAT3 has also been 

shown to act in concert with v-ATPase to maintain lysosomal pH by enhancing its enzymatic 

activity212. More work is required to understand the full extent of STAT3 signaling with respect 

to the lysosome across tissues, but it appears to be a key factor in the maintenance of lysosomes 

and their function.  

2.1.5 Sex, Lysosomes and Autophagy-Emerging Evidence 

The impact of sex on lysosomes and autophagy has been largely overlooked, however 

recently research in this area has revealed striking sex differences. Intriguingly, it appears that 

both androgen receptors (AR), as well as ERs can regulate a wide host of autophagy genes. 

While AR have been shown to mediate Ulk2, Bcl2, Atg3, Atg4b, Atg5, Atg7, Lc3b, p62, Ambra1, 

PI3K3 and Tfeb mRNA expression, ER can regulate Ulk1, Ulk2, Bcl2, Atg5, Atg7, Atg13, Atg14, 

Atg16l1, Uvrag, Ambra1, Lc3b, p62, PIK3C3 and CtsD213–217. Despite the apparent overlap, 

growing evidence suggests that females have increased lysosomal content and augmented 

autophagy in skeletal muscle218–222 and neurons223. However, this may be highly tissue 

dependent as an increase in autophagolysosomes was observed in male cardiac tissue, and no 

differences were observed in renal tissue224. Furthermore, it has been shown that 17b-estradiol 

upon binding to ERa induces autophagy via AMPK and thus promotes phagophore formation 

through ULK1 in neurons225. In the brain, it has been proposed that estrogen can also further 

activate autophagy through the activation of Akt, which normally inhibits mTORC1 and GSK3b, 

thereby removing their repression on autophagy226. However, following ischemic stroke males 
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actually increase autophagy, while females reduce autophagy and have better outcomes226. Thus, 

it is evident that the modulation of autophagy through estrogen may be highly tissue- and stress-

specific.  

2.2 MITOCHONDRIAL TURNOVER 

As previously mentioned, mitophagy is a selectively form of autophagy through which 

dysfunctional mitochondria are recycled. This section will cover mitophagy specific-signaling 

and mechanisms but important to note is that as a subset of autophagy, mitophagy is still subject 

to the same initiation, nucleation and elongation steps required for the formation of the 

autophagosome as described earlier.  

2.2.1 Ubiquitin-Dependent Mitophagy Pathways 

Of the mitophagy pathways that have been described, the most well characterized is the 

PTEN-induced putative kinase 1 (PINK1) and Parkin pathway (Fig. 4). PINK1 is regularly 

imported into the mitochondrial matrix and degraded by mitochondrial proteases, PARL and 

MPP227,228, although seemingly inefficient this positions PINK1 to be acutely sensitive to the 

status of the mitochondria as the import pathway is dependent on membrane potential, oxidative 

stress and ATP availability. Following membrane depolarization, the import of PINK1 is 

arrested, causing PINK1 to accumulate on the OMM229–231. Recent data suggest that 

mitochondrial nod-like receptor, NLRX1, functions in a similar fashion, in that it too is regularly 

imported, but following an import defect it localizes to the cytosol to promote LC3 lipidation 

and autophagosome formation232. Importantly it appears that this occurs independent of PINK1, 

and it is a key mitophagic regulator in muscle232. PINK1 appears to also sense proteotoxic stress, 

as an accumulation of misfolded proteins can trigger PINK1-dependent mitophagy233. Recently, 

it has also been shown that the import machinery itself can trigger mitophagy in response to 
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proteotoxic stress, as this causes the PAM to dissociate from the translocase of the inner 

membrane and initiate mitophagy independent of membrane depolarization234. Thus, it appears 

that import is a key monitor of mitochondrial status and is primely positioned to initiate 

mitophagy through a multi-faceted manner.  

PINK1 on the outer membrane undergoes autophosphorylation, activating the kinase, to 

then phosphorylate both Parkin and ubiquitin to prime ubiquitination of various OMM 

proteins235–238. In a feed-forward mechanism, more Parkin and ubiquitin are recruited to 

mitochondria to amplify the mitophagic signal235,237,239. The absence of Parkin leads to 

fragmented mitochondria, impaired oxidative capacity, but surprisingly does not diminish 

mitophagy flux240,241. Other E3 ubiquitin ligases have been shown to localize to mitochondria 

following stress to ubiquitinate OMM proteins including Mul1, Gp78, and HUWE1242–244. 

These ubiquitin chains serve as a flag to help target and guide the autophagosome to the 

dysfunctional mitochondria. The autophagosome is then linked to the ubiquitin chains via 

adaptor proteins such as p62, Optineurin, and Ndp52 which possess both a ubiquitin-binding 

motif as well as an LC3-interacting region245–247. Once the cargo is fully engulfed, the 

autophagosome will then travel along microtubule tracts to the lysosome where the two will 

fuse and the cargo will be degraded via the lysosome.   

 2.2.2 Ubiquitin-Independent Mitophagy Pathways 

 Ubiquitin-independent pathways are largely receptor-mediated and these are relatively 

less studied mechanisms in comparison to the PINK1-Parkin pathway. In response to various 

mitochondrial stress, receptors already present on the OMM are activated and can directly bind 

to LC3-II, or to any of the other Atg8 proteins (i.e. GABARAP) (Fig. 4). For example, FUNDC1 

has been shown to directly respond to hypoxia, and can even activate ULK1 to promote  
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Figure 4: Mitophagy mechanisms. Mitophagy is a selective form of autophagy that enables 
the degradation of dysfunctional mitochondria via the lysosome. Damaged mitochondria are 
engulfed in an autophagosome which then travels along microtubule tracts to the lysosome. The 
initiation of the phagophore is regulated by the ULK1 complex. ULK1 is generally negatively 
regulated by mTORC1, however under conditions of stress mTORC1 is inactivated and AMPK 
can also activate ULK1. ULK1 then activates Beclin1 and commences the nucleation phase of 
the phagophore formation, generating phosphatidylinositol phosphate (P1(3)P), a major 
component of the autophagosome. The growing autophagosome is then elongated through a 
series of conjugation steps involving autophagy-related proteins (ATG) and 
phosphatidylethanolamine (PE) in the formation of the mature lipidated form of LC3, LC3-II. 
Alternatively, GABARAP and GATE16 can also aid in the elongation of the phagophore. 
Damaged mitochondria can signal for their degradation through a variety of mechanisms. The 
most well documented is the PINK1-Parkin pathway, whereby losses in membrane potential 
will arrest the import of PINK1 into the mitochondrial matrix leading to its accumulation on the 
outer mitochondrial membrane (OMM). PINK1 is not the only protein that exploits the import 
machinery as a mechanism of sensing mitochondrial health, as NLRX1 behaves in a similar 
fashion and can trigger mitophagy when in the cytosol by promoting phagophore formation. 
PINK1 on the OMM can recruit and phosphorylate Parkin, and also prime ubiquitin through its 
phosphorylation. Parkin can then polyubiquitinate various OMM proteins to signal mitophagy. 
Furthermore, it has been shown that the PINK1-Parkin pathway is sensitive to misfolded 
proteins, and recently this has been shown to cause the dissociation of the protein-associated 
motor (PAM) complex of the import machinery, causing PINK1 to accumulate on the OMM 
and initiate mitophagy. Independent of PINK1 and Parkin, mitophagy can be initiated through 
receptors present on the OMM. Receptors such as FUNDC1, NIX and BNIP3 have been shown 
to respond to various stresses such as hypoxia, and oxidative stress. Cardiolipin, the 
mitochondrial phospholipid has also been shown to externalize following mitochondrial stress 
and directly bind to LC3-II present on the autophagosome. While ubiquitin chains require an 
adaptor protein such as p62 to tether ubiquitin to LC3-II, receptors can bind directly to LC3-II 
and are usually referred to as ubiquitin-independent. Once the autophagosome completely 
engulfs the damaged organelle it travels along microtubule tracts to the lysosome where the two 
fuse and the contents are degraded by the lysosome.  
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autophagosome formation248–250. Other receptors such as NIX play dual roles in mitophagy and 

in apoptosis, so it is possible that this signaling cascade can tip the scales between cell-survival 

or cell-death251–255. Interestingly in neurons, cardiolipin, a mitochondrial specific phospholipid, 

has also been shown to externalize in response to stress and can directly bind LC3 to anchor the 

autophagosome256. Several other receptors such as BNIP3 and AMBRA1 have also been 

implicated in mitophagy244,257,258. Currently it is unclear whether these mechanisms are 

mutually exclusive or act in concert with each other. Recent data suggest that the initial signal  

or type of dysfunction may dictate which pathway is activated, as many of these pathways are 

triggered by distinct characteristics like membrane depolarization, import inhibition, ROS or 

hypoxia232. 

 2.2.3 Impact of Sex on Mitophagy 

 There is very little known about the influence of sex on mitophagy, and while deductions 

can be made based on the overall evidence of increased autophagy in females, mitophagy relies 

on its own signaling cascades and thus specific investigations are warranted. Currently, there 

are very few reports on sex-differences in mitophagy, however one report suggested that 

testosterone was positively correlated with PINK1 and Parkin protein, thus potentially implying 

higher mitophagy in male skeletal muscle259. However, in other reports increased Parkin 

expression was found in female skeletal muscle in comparison to males218. Furthermore, 

deletion of ERa in skeletal muscle impairs mitochondrial turnover, but the mechanism is 

unclear as fission is also impaired, thus this may be an indirect consequence144. As estrogen is 

a known regulator of mitochondria and has been shown to improve oxidative capacity and 

reduce ROS, it is possible that this improved function is in part driven by the ability of estrogen 

to increase mitochondrial turnover through mitophagy.  However, one could also argue that the 
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improved mitochondrial pool negates the need for turnover and thus less mitophagy would be 

expected in female. Thus, further research is required to understand the role of sex and estrogen 

in mitophagy and mitochondrial maintenance.  

 2.3 MITOCHONDRIAL AND LYSOSOMAL COORDINATION 

Emerging literature has begun to provide evidence of intra-organellar communication 

between mitochondria and lysosomes that seems to go beyond mitophagy. Firstly, 

mitochondrial dysfunction is apparent in a number of lysosomal storage disorders, and 

morphological and functional impairments have been documented in the absence of the 

lysosomal regulators TFEB and TFE3197,200,260–262. Notably, in the absence of TFE3, the 

appearance of swollen mitochondria is observed in skeletal muscle and defects in oxidative 

capacity are observed in liver tissue197. Alternatively, overexpression of TFEB increases 

mitochondrial content and ETC complex activity, and despite being a known regulator of PGC-

1a, this is apparently independent of PGC200,202.  Surprisingly, impairing mitochondrial function 

pharmacologically leads to the appearance of large vacuoles and impairs lysosomal 

function263,264. While acute mitochondrial stress promotes the activation of the MiT family, 

prolonged stress inhibited lysosomal biogenesis265,266. Physiologically, lysosomes and 

mitochondria form contact sites and these connections are important for regulating 

mitochondrial fission111, and Ca2+ flux from the lysosome to the mitochondria through 

MCOLN1267. Thus, a reciprocal role in the maintenance and homeostasis of these organelles is 

beginning to be uncovered and further work in skeletal muscle is warranted.  
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3.0 MITOCHONDRIAL PLASTICITY 

 3.1 ADAPTATIONS TO ENDURANCE EXERCISE 

Exercise is often referred to as mitochondrial medicine as it stimulates a multi-faceted 

approach to rejuvenating the mitochondrial pool contributing to the maintenance and 

improvement of skeletal muscle health10. While exercise has been shown to positively effect 

almost every tissue in the body, the following section will focus on mitochondrial adaptations 

within skeletal muscle.  

3.1.1 Structural and Functional Adaptations to Skeletal Muscle 

Since 1967, thanks to the pioneering work of John Holloszy, it has been known that 

endurance exercise training shifts the metabolic profile of the muscle towards a more oxidative 

phenotype (Fig. 5)268. Glycogen is spared as an energy source, and there is a greater reliance on 

fat oxidation resulting in less lactate being produced at a given workload269. While fiber type 

switching does not commonly occur in humans, endurance training does promotes a shift 

towards a more oxidative phenotype that is reminiscent of type I fibers270. Increased 

mitochondrial content is observed even in type IIx and IIa fibers, so long as intensity is sufficient 

to recruit these fibers271. Notably, greater adaptations are generally reported in SS fractions, 

compared to IMF mitochondria, as this pool is thought to be more labile271. Another important 

consequence of endurance training is the induction of angiogenesis, which increases 

capillarization to the muscle to improve nutrient delivery and exchange.  

3.1.2 Structural and Functional Adaptations to Mitochondria 

Mitochondrial Biogenesis. As the muscle becomes more oxidative with training, the 

mitochondrial reticulum is not only expanded, but also remodeled and functionally improved 

(Fig. 5). A single bout of exercise is capable of initiating the signal cascades, but repeated bouts 
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are required for altered protein expression and functional changes272. As muscle contracts, ATP 

is continuously broken down and resynthesized, this is reflected by a reduction in the energy 

charge ratio and serves as an indication of the energetic status of the cell. AMP binds to the g 

subunit of AMPK to induce a conformational change and its activation273,274. AMPK then 

phosphorylates PGC-1a thereby promoting its nuclear translocation68,70,72,275. Concurrent with 

the breakdown of ATP, NADH is also oxidized into NAD+ which activates SIRT1 to deacetylate 

PGC-1a to increase its activity76,78,276,277. Ca2+ plays a key role in myosin-actin crossbridge 

cycling and is in constant flux during muscle contraction. Increased intracellular Ca2+ activates 

CAMK and protein kinase C (PKC) to again activate PGC-1a, as well as the transcription 

factors MEF2 and CREB88,278,279. Exercise also stimulates the production of ROS, while it has 

long been thought that the major contributor of ROS during exercise was derived from 

mitochondria, it is now believed that cytosolic sources, such as NAD(P)H oxidases (NOX) are 

the major drivers of exercise-induced oxidative stress280,281. Regardless of the source, ROS are 

sensed by p38 MAPK to activate PGC-1a as well as transcription factors USF and 

ATF264,83,85,86. An important downstream target of PGC-1a is TFAM, which is upregulated with 

exercise, and this in turn helps promote transcription of mitochondrially-encoded genes40,52. 

While PGC-1a appears to be at the crux of these signals, animals lacking PGC-1a are still able 

to positively adapt to training. It appears that only with advancing age does PGC-1a become 

required for exercise-induced adaptations97,282. Indeed, numerous regulators have been shown 

to control mitochondrial maintenance including p53, SIRT1, TFEB and mTORC1. The tumor 

suppressor protein, p53, is stabilized and activated in response to exercise via phosphorylation 

at Ser15, stimulating its subcellular redistribution58,283,284. In the nucleus, p53 regulates 

NuGEMPs, including TFAM, and has even been shown to regulate the transcription of PGC-
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1a55,285–287. In mitochondria, p53 can directly bind the D-loop region of mtDNA, or bind to 

TFAM, to regulate mtDNA expression and integrity56,58,288. Again, while the loss of p53 results 

in reductions in mitochondrial content and function, these animals are still able to adapt to 

exercise287. Thus, exercise stimulates a diverse, multi-faceted and likely highly redundant 

signaling program to ensure that mitochondrial homeostasis is achieved even in the face of 

genetic mutations, metabolic deficiencies, and disease. 

Import and the Unfolded Protein Response. Protein import kinetics are also increased 

following exercise to support the translocation and incorporation of nuclear-encoded 

mitochondrial proteins289,290. Exercise-induced mitochondrial biogenesis while beneficial, 

presents a proteotoxic challenge as the influx of imported proteins must be processed, refolded, 

and in many instances, combined with other subunits either nuclear- or mitochondrially-

encoded to form holoenzymes45. Every complex of the ETC, except complex II, is comprised 

of both mitochondrial and nuclear-encoded subunits, highlighting the importance of achieving 

stoichiometry in order to maintain proper ETC function. As such, to accommodate the influx of 

nuclear genes encoding mitochondrial proteins (NuGEMPs), increased expression of the protein 

import machinery is commonly seen with exercise training290.  

Mitochondria are equipped with various chaperones and proteases to handle protein 

misfolding and orphaned subunits291, however exercise stimulates such a vast array of genes 

that this typically exceeds the capacity of the organelle. In order to maintain proteostasis the 

mitochondrial unfolded protein response (UPRmt) has been shown to be activated following an 

acute bout of exercise292–295.  Through retrograde signals that are still poorly understood in 

mammalian systems, chaperones such as HSP60, and CPN10, and proteases such as LonP and 

ClpP are upregulated (Fig. 5)293,294. The initial signal that triggers the UPRmt may be ROS, as  
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Figure 5: Adaptations to exercise training. Exercise training promotes an oxidative 
phenotype of the skeletal muscle, as mitochondrial content is increased, glycogen is spared, and 
lactate production is reduced following a subsequent exercise challenge. However, 
mitochondrial content is not merely increased but rather the pool of organelles becomes more 
optimal. Fusion is favoured, thereby allowing the expansion of the mitochondrial reticulum 
which promotes substrate sharing and efficient energy production. While a highly 
interconnected reticulum may also allow for dysfunction to spread, intermitochondrial junctions 
provide a “circuit break” to electrically disconnect portions of the reticulum thereby limiting 
the contamination of damaged areas. Exercise elicits a number of signals such as ATP turnover, 
ROS emissions, and Ca2+ influxes that activate signaling kinases that converge on PGC-1a to 
upregulate nuclear genes encoding mitochondrial proteins (NuGEMPs) which includes TFAM 
to regulate mtDNA, import machinery to support the influx of nascent proteins, and ETC 
components to increase the oxidative capacity. Through the mitochondrial unfolded protein 
response, which is active following exercise, the protein-handling capacity of the organelle is 
increased.  Chaperones and proteases such as cpn10 and LonP, are upregulated to meet the surge 
of incoming nascent proteins. Concomitantly, the same signals that promoted mitochondrial 
biogenesis also promote mitophagy, which culls dysfunctional organelles from the reticulum. 
Here the signals impinge on TFEB and TFE3 which regulate lysosomal and autophagy-related 
genes. Thus, exercise not only promotes the synthesis of new mitochondria, but also the removal 
of damaged ones to foster an optimal pool of organelles. 
 
 
 
these have been shown to activate general control nonderepressible 2 (GCN2) which 

phosphorylates eukaryotic initiation factor alpha (eIF2a), subsequently arresting protein 

translation and reducing the volume of nascent proteins296,297. However, eIF2a phosphorylation 

does selectively upregulate the translation of proteins that contain upstream open reading frames 

(uORF) in their 5’-UTR, such as CHOP, ATF4 and ATF5298,299. These transcription factors are 

responsible for increasing the expression of chaperones and proteases and have even been 

implicated in the regulation of other quality control genes, such as biogenesis and 

mitophagy291,295,300,301. Based on work in C. elegans, it appears that misfolded proteins can 

directly initiate the UPRmt as the peptides from their proteolytic cleavage are exported from the 

mitochondrion and directly inhibit the mitochondrial translocation of ATFS-1 forcing it to go 

into the nucleus302–304. The mammalian homologue for ATFS-1 was recently discovered to be 

ATF5, which also possesses both a mitochondrial targeting sequence (MTS) as well as a nuclear 
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localization signal (NLS), but it remains unclear if it is regulated through the same mechanism 

as its counterpart ATFS-1298.  

Mitochondrial Morphology. The mitochondrial reticulum is in constant flux, as 

mitochondria fuse and bud off from the network constantly. Through events of fusion and 

fission, which were described previously, the reticulum can undergo remodeling and respond to 

cellular stress and mitigate dysfunction305,306. Exercise promotes a more fused network with a 

high degree of branching, this is generally reflected in a shift in the ratio of fusion to fission 

proteins to favour fusion307. Deletion of both Mfn1 and Mfn2 in adult skeletal muscle impairs 

mitochondrial function, and is required for exercise adaptations308. This emphasizes the 

importance of fusion in mediating mitochondrial maintenance and its adaptability to exercise. 

While a highly interconnected reticulum allows for content mixing and substrate sharing, 

theoretically this would also allow for damaged segments to adversely compromise the entire 

network103,309. Work by Glancy and colleagues identified these electron-dense structures 

between adjacent mitochondria, which they termed intermitochondrial junctions (IMJ)103,310. 

IMJs serve as a “circuit breaker” to rapidly limit the spread of local dysfunction, as the IMJ 

closes it electrically dissociates the two portions, effectively quarantining the damaged 

organelle103. Along with morphological changes to the reticulum, mitochondria themselves 

appear to change with long-term training. The IM is folded into cristae, thanks to the presence 

of cardiolipin, and in long-term trained athletes an increase in cristae density is observed, 

supporting more OXPHOS machinery within a given organelle311. Thus, not only does the 

reticulum expand and fuse to become more energetically efficient following training, so too do 

the organelles themselves (Fig 5). 
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Lysosomes and Mitophagy. A single bout of exercise stimulates the synthesis of new 

mitochondria and concurrently promotes the removal of damaged organelles312,313. Laker et al. 

showed using a fluorescent reporter model, pMitoTimer, that mitophagy is induced 6 hrs post 

exercise and this was dependent on AMPK314,315. Indeed, acute treadmill exercise has been 

shown to promote Parkin localization to the mitochondria, along with increased LC3-II and p62 

mitophagy flux up to 90 mins post exercise94,241. Acute exercise has also been shown to increase 

mitochondrial Drp1, likely to promote fission and allow mitophagy. Interestingly, while Parkin 

is not required for basal mitophagy, the absence of Parkin results in a blunted exercise-induced 

mitophagic response indicating the importance of the PINK1/Parkin pathway following 

exercise241. Interestingly, training appears to reduce mitochondrial turnover basally and blunts 

the exercise-induced mitophagy240,316. As training improves the mitochondrial pool, this negates 

the need for a high level of turnover. To support this notion, attenuated metabolic signaling (i.e. 

AMPK, CAMK) is also seen in muscle with improved mitochondrial content317,318. However, 

there is some conflicting data that suggests that mitophagy is elevated following 5 weeks of 

swimming as shown by an increase in LC3-II/LC3-I ratio, decrease in p62 and increase in 

BNIP3 in mitochondrial fractions319. Despite the discrepancies in the literature this stresses the 

importance of methodology in mitophagy measurements.  

Static measurements of autophagosomal components are challenging to interpret as 

these are degraded by the lysosome, so opposing arguments can be made regarding an observed 

increase in LC3-II for example7. As such the use of pharmacological inhibitors such as 

colchicine, chloroquine and bafilomycin have been used to block the transport of the 

autophagosome, the fusion of the lysosome with the autophagosome or lysosomal acidification 

to truly capture the degree of mitophagy or autophagy “flux”. Another method of accurately 
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measuring flux is through the use of fluorescent reporters, such as pMitoTimer, mtKeima, and 

MitoQC. pMitoTimer fluoresces green and over time shifts to red providing an indication of 

mitochondrial turnover, however it should be noted that MitoTimer will inherently shift to red 

within 48 hrs320. While disrupting mitochondria with rotenone, antimycin A and paraquat results 

in more red to green fluorescence314, this reporter construct is providing an indication of 

mitochondrial lifespan not mitophagy per say. This becomes especially difficult to interpret in 

tissues in which the lifespan of mitochondria is longer than two days such as cardiac tissue. 

Keima is a coral derived fluorophore that is pH sensitive, by targeting Keima to mitochondria 

through the addition of a mitochondrial targeting sequence, this provides an in vivo method of 

measuring mitophagy321. mtKeima fluoresces green under neutral pH, such as within the 

mitochondria, and fluoresces red under acidic environments, such as within the lysosome. The 

caveats to mtKeima is that the tissues cannot be fixed as this disrupts the lysosomal pH, and the 

fluorescent spectrums of Keima partially overlap occasionally producing an orange colour322. 

Finally, MitoQC is a tandem tag reporter in which mCherry and GFP are linked to a 

mitochondrial targeting sequence323. Similar to mtKeima, MitoQC is pH-dependent, as GFP is 

quenched by the lysosome but mCherry is not, thus under normal conditions mitochondria will 

fluoresce both red and green, but in acidic environments will only fluoresce red. Strengths of 

the MitoQC model is that the tissues can be fixed and there is little overlap of the spectra322. 

Thus, tools that fully capture mitophagy flux are required for accurate understanding of how 

this dynamic process is regulated in different conditions. 

Shifting back to the benefits of exercise, a relatively new area of research has 

demonstrated that not only does acute exercise stimulate mitophagy but it also activates 

lysosomal biogenesis to ensure that the cell is capable of supporting increased 
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turnover197,262,324,325. Many of the signals described that activate PGC-1a are also involved in 

activating TFEB and TFE3. First, as AMPK is activated by increased ATP turnover, AMPK has 

been shown to phosphorylate TFEB and TFE3 on a triple serine residue on the C-terminus 

following exercise190. While Ca2+ and ROS are known regulators of TFEB and TFE3 (described 

in section 1.2.3) it is highly likely that these mechanisms are also at play during exercise, 

however this has not been confirmed. Interestingly, there is evidence to suggest that nuclear 

translocation of TFEB following exercise is dependent on PGC-1a expression324, however 

others have shown that the beneficial effects of TFEB on mitochondria are independent of PGC-

1a325. Both are capable of regulating each other’s expression202,324,325, as such it appears that 

the relationship between PGC and TFEB may be reciprocal and highly complex. Nevertheless, 

training has been shown to increase lysosomal content and intriguingly these adaptations 

precede mitochondrial adaptations326.  

3.2 ADAPTATIONS TO DISUSE 

Periods of physical inactivity, or sedentarism, result in significant losses in muscle mass 

and strength, but are also compounded by metabolic and biochemical changes that impact the 

health and function of muscle327. It is valuable to understand how disuse can be modeled 

experimentally and the implications/considerations for each model327. Two of the most common 

animal models are hindlimb suspension, and hindlimb immobilization. Hindlimb suspension 

involves fixing the tail to a swivel at the top of the cage, allowing rodents to locomote on their 

forelimbs and closely simulates microgravity328. Hindlimb immobilization involves fixing one 

limb in a plastic brace or tube, and the position of the ankle dictates which muscles will atrophy: 

dorsiflexion would affect the tibialis anterior and extensor digitorum longus, while plantar 

flexion would affect the gastrocnemius, plantaris and soleus muscle329,330. This method closely 
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resembles immobilization or casting in humans and allows the contralateral limb to serve as an 

intra-animal control. Confined housing is a method that would more closely reflect sedentarism 

as the animal can still move around freely but total energy expenditure is decreased, this model 

is valuable as it provides whole-body effects that are commonly seen in humans such as insulin 

resistance331. More invasive techniques are also frequently used in the literature and include 

denervation, nerve crushing and tetrodoxin (TTX) cuffing332. Denervation is a surgical 

procedure in which a small portion of the nerve (sciatic for experiments done in mice, tibial for 

rat models) is excised in one limb, and the other is sham operated, removing all neural input to 

the muscles of the lower hindlimb333,334. Animals can still locomote freely, and again the 

contralateral limb serves as an internal control, this model produces muscle atrophy more 

rapidly than hindlimb suspension or immobilization and can also be applied to an aging context 

as denervation is commonly seen327. Nerve crushing is also a surgical procedure that involves 

applying enough force to completely ablate the neural input, but given enough time can also 

model re-innervation335. Finally, TTX is a sodium channel blocker which is a chemical approach 

causing paralysis, application of a TTX cuff around the nerve blocks impulse conductance while 

maintaining neuromuscular connection, and the flow of trophic factors that are lost with 

denervation336.   

3.2.1. Structural and Functional Adaptations to Skeletal Muscle 

Loss of muscle is a hallmark of disuse, not only is lean mass reduced but this is also 

reflected in reductions in cross-sectional area of the myofibers. This is accompanied by losses 

in strength and muscle function, and physiologically manifests as decreased quality of life (Fig. 

6). Muscle wasting is commonly seen with aging, cancer, metabolic disease, and prolonged bed 

rest or hospitalization and in these clinical settings has severe ramifications on patient 
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outcomes337. In the context of disuse and denervation, type I fibers are most affected, however 

with respect to sarcopenia and cachexia it appears to be type II predominantly338,339. Losses in 

muscle mass can be seen as early as two days following immobilization with the greatest decline 

occurring in the first 7 days, however denervation results in accelerated atrophy340. The loss in 

muscle mass is in part due to a shift towards catabolism over anabolism. During disuse, protein 

synthesis is largely downregulated due to inhibition of Akt and mTORC1 which normally 

promote anabolism341–345. It should be noted however that with denervation mTORC1 activity 

is increased, which illustrates the importance or reliance on catabolism during disuse which 

results in a net loss of protein346,347.  

Declines in protein synthesis rates occur rapidly following disuse and have been 

observed as early as 6hrs following immobilization348,349. Furthermore, not only do rates decline, 

but this is further compounded by anabolic resistance, as stimulating protein synthesis via amino 

acid infusions is blunted in comparison to non-immobilized limbs350,351. The mechanisms 

behind this anabolic resistance are still relatively unclear but may be in part due to mTORC1 

and insulin/insulin growth factor 1 (IGF-1) signaling (Fig. 6). Inhibitors of mTORC1 including 

REDD1/2 (regulated in development and DNA damage-1 and -2) are upregulated with 

disuse352,353. Furthermore, as insulin resistance is commonly seen with disuse it is proposed that 

this perturbs pyruvate dehydrogenase kinase 1 (PDK1) which normally mediates mTORC1 

phosphorylation of its downstream target p70S6K1 to promote protein synthesis343,350,352. IGF-

1 resistance is also commonly seen with disuse and is normally a regulator of Akt. Akt is an 

upstream regulator of mTORC1, as such attenuated Akt signaling would result in mTORC1 

inhibition343,354,355. Notably, increased p38 MAPK expression and activation has also been 

shown in disuse conditions, as early as 24 hr of hindlimb suspension, which has been associated 
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Figure 6: Adaptations to muscle disuse. Chronic disuse results in atrophy of skeletal muscle, 
which is characterized by a decrease in cross-sectional area of the muscle fibers and muscle 
weakness. This is also accompanied by a metabolic shift towards a more glycolytic phenotype 
of the muscle. Atrophy is largely attributed to a shift in the balance between protein synthesis 
and protein degradation, whereby mTORC1 is inhibited and cannot promote protein synthesis. 
mTORC1 is inhibited in a multi-faceted way during atrophy. First, anabolic inhibitors such as 
REDD1 and REDD2 are upregulated during disuse to negatively regulate mTORC1. Second, 
impaired insulin signaling through IGF-1 limits the activation of Akt, which normally removes 
the suppression from TSC1/2 on mTORC1. Third, as ATP production is reduced, AMPK is 
active and can activate TSC1/2 to inhibit mTORC1. Concomitant with the anabolic inhibition, 
catabolic pathways are largely upregulated. As mTORC1 normally serves as a negative 
regulator of ULK1 and the autophagy pathway, inhibition of mTORC1 promotes autophagy, 
and AMPK can actually phosphorylate ULK1 to activate the complex. Another target of AMPK 
is FOXO, a major regulator of catabolism and is largely upregulated during disuse. Akt is also 
usually a negative regulator of FOXO but as Akt itself is inhibited, FOXO is able to upregulate 
genes involved in autophagy and the ubiquitin proteasome system (UPS) to promote protein 
breakdown. Moreover, in many instances of atrophy, inflammation is accompanied with the 
release of inflammatory cytokines and ROS that activate NF-kB, which can also 
transcriptionally regulate a host of E3 ubiquitin ligases involved in UPS. Mitochondrial 
dysfunction is common consequence of prolonged disuse and is implicated in the atrophy 
phenotype. Damaged mitochondria produce less ATP, and generate excessive ROS, 
contributing to the activation of AMPK and NF-kB. If left unchecked, mitochondrial 
dysfunction can result in the opening of the mitochondrial permeability transition pore and 
allow the release of cytochrome c and apoptosis inducing factor (AIF). The presence of these in 
the cytosol trigger apoptosis through the activation of the caspase cascade leading to DNA 
fragmentation and cell death. The activation of AMPK may help mitigate this, through its 
activation of autophagy, as damaged mitochondria can be cleared through mitophagy. In fact, 
PINK1 and Parkin have been shown to accumulate on mitochondria during disuse. Furthermore, 
mitophagy receptors BNIP3 and NIX are thought to promote mitophagy during disuse. However, 
the functionality of the lysosomes remains unclear as there is evidence of lipofuscin, an 
indigestible material, within lysosomes that may mitigate the drive for mitophagy.  
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 with Akt suppression356. Thus, in atrophic conditions protein synthesis is reduced in a 

pleiotropic manner that impinges on mTORC1. 

Ubiquitin Proteasome System. The ubiquitin proteasome system (UPS), as the name 

implies, involves targeting proteins, via the addition of poly-ubiquitin chains, to signal their 

degradation via the proteasome357. The UPS is critical to the maintenance of skeletal muscle, as 

disruption of the UPS leads to muscle atrophy, and even declines in lifespan358,359. 

Ubiquitination is carried out through a cascade of enzymes that activate (E1 ubiquitin-activating 

enzyme), conjugate (E2 ubiquitin-conjugating enzyme) and ligate (E3 ubiquitin ligase) 

ubiquitin to lysine residues on target proteins360. MuRF1 and Atrogin1 (also known as MAFbx1) 

are E3 ubiquitin ligases that are exclusively expressed in muscle and are massively upregulated 

in atrophic conditions361–363. Expression of these E3 ubiquitin ligases closely correlates with 

losses in muscle mass, as these are most highly expressed during the first 7 days of disuse when 

the rate of muscle loss is the greatest364. Notably, genetic deletion of MuRF1 and Atrogin1 

protects against disuse-induced atrophy indicating the importance of the UPS in muscle mass 

regulation363,365,366. Recently it has been shown that MuRF1 targets a number myofibrillar and 

contractile proteins which contribute to both the loss of muscle mass but also muscle 

function360,367. These findings illustrate the importance of protein breakdown and specifically 

UPS in atrophic conditions.  

There are a number of signals that activate the UPS during disuse (Fig. 6). Inflammatory 

cytokines such as TNF-a, TWEAK and IL-1 stimulate NF-kB to upregulate atrogenes362,368–370. 

Elevations in ROS are commonly seen with disuse and can further activate NF-kB and FoxO 

expression371. Furthermore as was described, IGF-1 signaling is downregulated during disuse 

which reduces Akt signaling355,372,373. Normally, Akt is responsible for inhibiting FoxO, but as 
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IGF-1 is downregulated in atrophic conditions, FoxO is upregulated373,374. FoxO is generally 

considered to be one of the most important transcription factors during atrophy as it regulates 

E3 ubiquitin ligases, UPS-related genes and autophagy-related genes204,206,208,375–377. 

Furthermore, many myofibrillar proteins need to be primed in order to be degraded by the UPS. 

Calpains and caspases, are Ca2+-dependent proteases, that cleave proteins to be degraded via 

the UPS and are upregulated following immobilization and denervation378–381. While the UPS 

is a major catabolic process that is heavily implicated in muscle atrophy it is not the only one.   

Autophagy and Lysosomes. Autophagy is the process through which protein aggregates 

and organelles are degraded by the lysosome. Autophagy is a key regulator of muscle mass as 

inhibition of this pathway leads to muscle atrophy in the absence of any stimulus207,208. However, 

the role of autophagy in muscle wasting conditions may be a bit more nuanced as some have 

found a protective effect on muscle mass when autophagy is inhibited382,383 while others have 

described exacerbated atrophy384–386. Reportedly, this was due to an accumulation of damaged 

and dysfunctional proteins and organelles which impeded muscle performance and accelerated 

muscle wasting. Thus, it suggests that autophagy is pivotal during atrophy and a balanced 

autophagic response is required.  

During hindlimb immobilization and denervation, an upregulation of FoxO3 is observed 

and has been shown to regulate both genes involved in the UPS as well as autophagy208. Akt is 

a negative regulator of FoxO3, during immobilization Akt activity is reduced as early as 1 day 

and remains low throughout the intervention, which coincides with an accumulation of FoxO3 

in the nucleus and its subsequent upregulation206,387–390.  The importance of FoxO3 in atrophic 

conditions was illustrated upon genetic deletion of the transcription factor which reduced the 
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extent of muscle wasting376,391–394. This was attributed in part to a normalization of autophagy 

leading to a protective effect on muscle mass and function.  

AMPK is another key regulator of the autophagy pathway. Following denervation, 

AMPK is decreased early on and then elevated following 3 days, at which point it has been 

shown to phosphorylate FoxO3 to promote its activation395–397. AMPK can also directly regulate 

the autophagy pathway by activating the ULK1 complex which was described earlier to be 

involved in the induction step of autophagy389,397–400. Furthermore, AMPK can directly inhibit 

mTORC1 by phosphorylating two of its subunits, Raptor and TSC2, thus not only can AMPK 

regulate autophagy it can also do so indirectly through mTORC1191,401,402.   

Following denervation, decrements are observed in LC3-II autophagy flux following 7 

days of denervation334,403. Others have also noted that while autophagy flux decreased following 

7 days, increases were observed 14 days and onwards389. Since there is evidence of TFEB and 

TFE3 activation following denervation334, it is possible that this decline in autophagy flux is 

reflective of insufficient capacity which is subsequently met at later timepoints. Our group and 

others have shown a marked elevation in lysosomal markers following disuse, which coincides 

with increased TFEB and TFE3 expression as well as increased TFEB in the nucleus334,403–406. 

This would suggest a drive for lysosomal biogenesis that is likely stimulated to meet the 

autophagic demands brought on by disuse. However, we and others have reported evidence of 

lysosomal impairments with disuse such as the presence of lipofuscin in skeletal muscle that is 

indicative of lysosomal dysfunction334,407. This could then suggest that the elevation in 

lysosomal markers does not in fact represent a functional drive for lysosomal biogenesis but 

rather an accumulation of ineffective lysosomes. This is a critical point to address in future work, 

however the methodologies for assessing lysosomal function in vivo are still lacking. The 
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relevance of this is that dysfunctional lysosomes can undergo lysosomal membrane 

permeabilization (LMP) which results in the release of cathepsins and triggers cell death408.  

 3.2.2 Structural and Functional Adaptations to Mitochondria 

 Declines in mitochondrial content and function in skeletal muscle are hallmark 

characteristics of the disuse phenotype ultimately shifting the muscle towards a glycolytic 

profile. Similar to the biphasic response of muscle atrophy, the most rapid and severe declines 

in mitochondrial content are observed early on following denervation (1-5 days), with more 

gradual decrements occurring thereafter409. Importantly, losses in content and mitochondrial 

dysfunction precede losses in muscle mass, indicating that mitochondria dysregulation 

contributes and potentially drives the atrophy phenotype in muscle. 

 Of the mitochondria that remain, this pool exhibits hallmark signs of dysfunction409–411. 

First, fission is favoured over fusion, resulting in a highly fragmented reticulum, characterized 

by small often circular mitochondria. Increased expression of Drp1 and Fis1, alongside declines 

in Mfn1 and Mfn2 have been reported with denervation and immobilization412. Interestingly, it 

has been shown that overexpression of fusion markers such as Mfn1 and Opa1 protect against 

mitochondrial loss and preserve mitochondrial homeostasis413. Furthermore, promoting fission 

alone induces muscle atrophy, indicating the destructive potential of fragmented mitochondria 

on skeletal muscle. These small fragmented mitochondria produce more ROS, and contribute 

significantly to increased oxidative stress within the cell. Increased oxidative stress causes 

mitochondrial membrane instability, promotes mitochondrial permeability transition pore 

(mtPTP) opening, contributes to a loss of membrane potential, inhibits protein synthesis, and 

can oxidize proteins, lipids and nucleic acids promoting proteolysis and cell death409,414,415. 

Membrane instability and mtPTP opening is critical as this promotes the release of apoptosis-
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inducing factors from the mitochondrion which include cytochrome c and AIF409,414,416,417. The 

presence of these factors in the cytosol initiates the caspase cascade resulting in myonuclear 

decay and cell death. Thus, targeting mitochondrial ROS specifically is a viable approach to 

mitigating atrophy. Treatment with SS-31, a mitochondrial-targeted antioxidant prevented 

muscle atrophy following 7 days of casting by normalizing the expression and activity of the 

autophagy and UPS pathways410,418.    

 Although fission often has a negative connotation as it causes mitochondrial 

fragmentation, it is required for mitochondrial clearance419. As elongated mitochondria cannot 

undergo mitophagy, fission is required to maintain mitochondrial homeostasis. Increased ROS 

emission, inhibition of protein import, losses in membrane potential and poor ATP production 

are all commonly seen with disuse and are all signals for mitophagy337. As such it is not 

surprising that increased expression of PINK1 and Parkin and mitochondrial localization are 

observed with denervation397,403,407,412. Increases in BNIP3 are also observed and thought to 

contribute to receptor-mediated mitophagy368,420. As such increased mitophagy flux is observed 

7 days post denervation, however others have reported declines following 10 day, this suggests 

that mitophagy flux may exhibit time-dependent changes during the course of disuse397,403. 

Furthermore, it has been suggested in models of autophagy inhibition, that atrophy is 

exacerbated following denervation due to the accumulation of damaged organelles, namely 

mitochondria384. It is thought that these dysfunctional mitochondria continue to produce ROS 

leading to enhanced oxidative stress and induce apoptosis thereby resulting in an exacerbated 

atrophy phenotype.  
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3.2.3 Impact of Sex on Skeletal Muscle Atrophy  

 Aside from its role in mitochondrial regulation, estrogen also appears to be involved in 

skeletal muscle maintenance. While counterintuitive as females have less muscle mass, estrogen 

has been positively correlated with muscle mass133, as estrogen decreases during menopause 

women typically experience a decline in muscle mass and increased risk of injury421. 

Furthermore, estrogen administration repressed immobilization-induced muscle atrophy in male 

animals422. Despite these findings, in humans, women experience more rapid muscle mass loss 

and this is associated with increased mortality following ICU stays423,424. Studies using hindlimb 

unloading showed a more rapid loss in muscle mass in females, and following 7 days a greater 

reduction in CSA, but no differences in the percentage of muscle mass lost219,353. While others 

have reported greater reductions in soleus mass in female mice425, preservation of muscle mass 

and function in female rats following 14 days of unloading426 and studies in humans suggest no 

differences in CSA between males and females following 14 days of unloading135. Thus, there 

exist discrepancies in the literature regarding the effect of sex on skeletal muscle atrophy. It is 

possible that this can be attributed to differences in models and durations of intervention, thus 

more work is warranted to better understand how sex impacts muscle atrophy.  

 As was described, muscle atrophy is largely attributed to declines in anabolic pathways 

and a greater reliance on catabolism. While increased inhibitory FOXO3a phosphorylation has 

been observed in females following disuse, increased ubiquitination was also seen425 and higher 

mRNA expression of catabolic factors like Gadd45a353. Females also exhibit higher mRNA 

expression of anabolic inhibitors Deptor and Redd14, and fractional protein synthesis rates were 

decreased earlier in females in comparison to males353. Taken together this suggests that females 

exhibit a greater shift towards catabolism following disuse.  
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 Furthermore, while males experience higher ROS emission basally, the induction of 

ROS following unloading is greater in females220. As such, overexpression of the mitochondrial 

antioxidant, MCAT, protected against atrophy in females but not males 219. BNIP3, a marker of 

mitophagy, was increased in females throughout 7 days of unloading220, and increased 

MitoTimer red fluorescence has also been observed in female mice219. However, more stringent 

methods of assessing mitophagy are still lacking.  

 Finally, there is evidence to suggest that inflammation-induced atrophy, such as cancer 

cachexia, is worse in males than it is in females423. Following exercise, females exhibit less 

muscle damage in part due to less neutrophil and macrophage infiltration130,427. It has been 

proposed that estrogen limits inflammation due to its ability to stabilize membranes thereby 

limiting Ca2+ influx and decreasing calpain activation130,428 which are known to mediate 

neutrophil invasion429,430. Again, this is a proposed mechanism following exercise to limit 

muscle damage but could potentially in part explain why females are protected in inflammation-

induced atrophy models.  

5.0 SUMMARY 

 Skeletal muscle is a highly plastic tissue, capable of responding to external stimuli and 

adapting to metabolic demands. Mitochondria play a vital role in the maintenance and 

adaptability of skeletal muscle. Thus, investigating the mechanisms and signals involved in how 

mitochondria adapt to positive and negative stimuli, such as exercise and disuse, contributes to 

our understanding of the regulation of skeletal muscle health. Characterising these molecular 

pathways provides the potential for therapeutic interventions during instances of mitochondrial 

dysfunction and myopathy, such as aging, metabolic diseases, cancer cachexia, and more.  
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CHAPTER THREE:  

PHD OBJECTIVES & HYPOTHESES 

 

 It is clear that the process of mitochondrial recycling, mitophagy, is vital in the 

maintenance and adaptability of mitochondria and the overall health of skeletal muscle. While 

mitophagy has been implicated in both exercise-induced and disuse-induced adaptations, this is 

a rather contradictory finding. This emphasizes the need to understand how lysosomal content 

and quality is affected in these conditions to fully appreciate how eliciting mitochondrial 

clearance can result in such opposing phenotypes. Furthermore, as most research has long been 

male-dominated, the role of biological sex on mitophagy dynamics and lysosomal regulation 

has yet to be uncovered. Thus, the purpose of this dissertation was to investigate how lysosomes 

adapt to exercise and denervation-induced disuse, with a particular focus on how mitophagy is 

impacted in these conditions, and the resulting mitochondrial phenotype. Based on this, my 

dissertation will have the following objectives and hypotheses: 

OBJECTIVE #1: 

To investigate how lysosomes adapt, both in content and in function, to exercise using an in 

vitro model to stimulate contractile activity, while also evaluating the contribution of the 

lysosomal regulators TFEB and TFE3 in mediating both lysosomal and mitochondrial 

adaptations.  
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Hypotheses:  

1. Lysosomes will adapt to chronic contractile activity (CCA) both quantitatively and 

qualitatively. As redundant roles have been described for TFEB and TFE3, exercise-induced 

lysosomal adaptations will occur independent of either transcription factor; 

2. Based on the literature, we hypothesize that mitochondrial impairments will be present in the 

absence of TFEB or TFE3, but CCA will rescue this defect; 

3. In the absence of both TFEB and TFE3, exercise-induced mitochondrial and lysosomal 

adaptations will be abrogated due to declines in mitophagy flux.  

OBJECTIVE 2:  

To further characterize the sexual dimorphism apparent in lysosomes and mitophagy regulation 

both basally and in response to denervation-induced disuse.  

Hypotheses:  

1. Given the limited literature available, we hypothesize that females will have greater 

lysosomal content which would support increased mitophagy flux rates basally;  

2. In response to denervation, both males and females will lose muscle mass, mitochondrial 

content and exhibit mitochondrial dysfunction; 

3. In line with the previous hypothesis, given the postulated higher rates of flux, females will 

exhibit less mitochondrial dysfunction in comparison to males in response to denervation.  

OBJECTIVE 3:  

To evaluate the role of TFE3, a lysosomal regulator, in denervation-induced atrophy and 

mitochondrial impairments, with a continued focus on biological sex differences.  
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Hypotheses:  

1. Denervation will lead to increased lysosomal drive to support increased mitophagy flux to 

remove dysfunctional organelles; 

2. The absence of TFE3 will impact lysosomal content and function following denervation, 

resulting in greater evidence of mitochondrial dysfunction; 

3. Males lacking TFE3 will exhibit the most severe phenotype in response to denervation, as 

males are hypothesized to have less lysosomes in comparison to females, and the absence of 

TFE3 will exacerbate this deficit.  
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Abstract 

 Exercise is potent stimulus for mitochondrial adaptations, serving to activate 

mitochondrial biogenesis as well as mitochondrial. Through the process of mitophagy, 

dysfunctional mitochondria are selectively targeted and recycled via the lysosomes, which is 

activated following a single bout of exercise. The microphthalamia (MiT) family of 

transcription factors, including TFEB and TFE3, are widely recognized as the master regulators 

of lysosomal biogenesis, as they homo- and hetero-dimerize to transcriptionally regulate 

lysosomal and macroautophagy-related genes. It is currently unknown to what extent TFEB and 

TFE3 regulate mitophagy, and whether these transcription factors mediate mitochondrial 

adaptations to contractile activity (CA). Here we show that following an acute bout of CA, LC3-

II mitophagy flux is induced and the absence of TFEB or TFE3 impairs this acute mitophagic 

response. However, the loss of either transcription factor alone does not mitigate the 

improvements in oxygen consumption seen following chronic CA (CCA). CCA also elicited 

functional improvements in lysosomes including a reduction in size and increased proteolytic 

activity, evidenced by increased digestion and unquenching of DQ-BSA fluorophore, thereby 

illustrating a level of redundancy between the two transcription factors in mediating CCA-

induced adaptations. However, in the absence of both TFEB and TFE3, lysosomal adaptations 

were not observed following CCA and CCA-induced mitochondrial adaptations were attenuated. 

These findings underscore the importance of the lysosomes, and of TFEB and TFE3, in 

mediating mitochondrial adaptations to chronic contractile activity.  
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List of Abbreviations 

AMBRA1  Autophagy and beclin1 1 regulator 1 
AMPK   5’AMP-activated protein kinase 
ATG7   Autophagy related 7 
ATP5A  ATP synthase F1 subunit alpha 
BafA   Bafilomycin A1 
BNIP3   BCL2 interacting protein 3 
CA   Contractile activity 
CCA   Chronic contractile activity 
CLEAR  Coordinated lysosome expression and regulation 
COX I   Cytochrome c oxidase subunit 1 
COX IV  Cytochrome c oxidase subunit IV 
CTSD   Cathepsin D 
Drp1   Dynamin related protein 1 
FBS   Fetal bovine serum 
Fis1   Mitochondrial fission 1 protein 
FUNDC1  FUN14 domain containing 1 
HS   Horse serum 
LAMP1/2  Lysosome membrane associated protein 1/2 
LC3   Microtubule-associated protein 1A/1B light chain 3B  
MCOLN1/TRPML1 Mucolipin1 
MiT   Microphthalmia 
MQC   Mitochondrial quality control   
mTORC1  Mammalian/Mechanistic target of rapamycin complex 1 
NDUFB8  NADH:Ubiquinone oxidoreductase subunit B8 
NIX/BNIP3L  BNIP3-like protein 
OCR   Oxygen consumption rate 
PHB2   Prohibitin 2 
PINK1   PTEN-induced kinase 1 
PS   Penicillin-streptomycin 
ROS   Reactive oxygen species 
SCR   Scramble 
SDHB   Succinate dehydrogenase complex iron sulfur subunit B 
SQSTM1 or p62 Squestosome 1 
TFEB   Transcription factor EB 
TFE3   Transcription factor E3 
UQCRC2  Ubiquinol-Cytochrome c reductase core protein 2 
v-ATPase  Vacuolar-type ATPase 
VDAC   Voltage-dependent anion channel 
VEH   Vehicle 
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Introduction 

Mitochondrial quality control (MQC) comprises a number of mechanisms that aim to 

maintain a healthy pool of mitochondria. Within MQC, mitochondrial biogenesis governs the 

synthesis of new organelles, and mitophagy is responsible for degrading dysfunctional 

mitochondria (reviewed in 5). Mitophagy is a selective form of autophagy, which is a broad term 

for the recycling of damaged cellular components via the lysosomes into their basic constituents 

to support future protein synthesis 431. Through highly directed events of fission, that are largely 

governed by dynamin-related protein 1 (Drp1) and mitochondrial fission protein 1 (Fis1), 

dysfunctional portions of the mitochondrial reticulum are identified, excised and targeted for 

degradation107. Loss of membrane potential229,432, inhibition of import228,232,433, accumulation of 

misfolded proteins233,234 and elevations in reactive oxygen species (ROS) emission419,434 are 

common mitochondrial characteristics that initiate and signal mitophagy. The most well 

described mechanism is the PTEN induced kinase 1 (PINK1)-Parkin pathway, which stems 

from a loss of membrane potential leading to the arrest of PINK1 import into the mitochondrial 

matrix229,231,432. The import of PINK1 is also sensitive to misfolded proteins in the matrix, which 

trigger the dissociation of the protein motor complex from the translocase of the inner 

membrane and prevent the import of PINK1233,234. Accumulation of PINK1 on the outer 

mitochondrial membrane signals the recruitment and activation of Parkin, an E3 ubiquitin ligase 

which poly-ubiquitinates outer mitochondrial membrane proteins230,235,237,239. The 

autophagosome, a membranous structure largely comprised of scavenged lipids and the 

lipidated form of microtubule-associated protein 1A/1B-light chain 3 (LC3), LC3-II, is targeted 

to the dysfunctional organelle and anchored to the ubiquitin chains through adaptor proteins 

such as sequestosome1/p62 (SQSTM1) and Optineurin247,435. Independent of PINK1 and Parkin, 
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a number of receptors have been identified that respond to mitochondrial stress to initiate 

mitophagy including FUNDC1249, NIX251, BNIP3436, AMBRA1437, PHB2438 and even 

cardiolipin has been shown to become externalized following stress and directly binding to 

LC3256. There is no evidence to suggest that each mechanism acts exclusively, rather it is more 

likely that multiple signaling pathways occur simultaneously. Furthermore, this illustrates the 

importance of mitophagy and underscores the reliance of the health of the cell on this MQC 

process as mitophagy can be carried out in a highly multi-faceted way.  

 Central to mitophagy are the lysosomes, the degradative organelle within the cell. 

Lysosomes are regulated by the microphthalmia (MiT) family of transcription factors, including 

transcription factor EB (TFEB) and transcription factor E3 (TFE3), which homo- or hetero-

dimerize to bind to coordinated lysosomal expression and regulation (CLEAR) sites on the 

genome to regulate lysosome- and autophagy-related genes6,166,167,169,171. Basally, TFEB and 

TFE3 are sequestered in the cytosol through mTORC1 phosphorylation of Ser122, Ser142, Ser211 

for TFEB, and Ser321 for TFE3, and bound to chaperone 14-3-3169,174.  Signals such as mTORC1 

inhibition, brought on by starvation, activation of Calcineurin, through the influx of cytosolic 

calcium, can facilitate the dephosphorylation and dissociation from 14-3-3 of TFEB and TFE3 

to allow nuclear translocation175,439,440. Recently, it has also been shown that TFEB and TFE3 

can be directly oxidized by ROS on a highly conserved exposed cysteine, thereby promoting 

their nuclear localization189. Furthermore, AMPK can directly phosphorylate the triple-serine 

residue on the C-terminus of TFEB and TFE3 to promote their nuclear localization, and this 

post-translational modification is required for DNA binding190.  

In skeletal muscle, Ca2+, ROS and AMPK activation are common signals that occur with 

contractile activity that have been linked to mitochondrial biogenesis. It has been shown 
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repeatedly that a single bout of exercise can trigger mitophagy and initiate lysosomal 

biogenesis241,248,312,315,326,441. Furthermore, TFEB and TFE3 are activated and translocate to the 

nucleus following an acute bout of exercise197,200,324. Following training, as the mitochondrial 

pool improves, a decline in mitophagy flux is observed, however the muscle is primed to handle 

future stress as training increases lysosomal content240,312,313,316. Through mitophagy there is a 

strong link between lysosomes and mitochondria, as the function of one is required for the health 

of the other, however recent literature has argued that the relationship between the two 

organelles is far more bidirectional. Dysfunctional lysosomes can impact mitochondrial status 

and this is commonly observed in lysosomal storage disorders such as Pompe and Danon 

disease197,200,261,262. However, it has been recently shown that disrupting mitochondrial function 

leads to impaired breakdown within the lysosome and the appearance of large vacuoles264,442. 

Furthermore, while acute mitochondrial stress activates the MiT family, prolonged exposure 

represses lysosomal biogenesis265. In addition, mitochondria and lysosomes form dynamic 

contact sites, thought to serve as communication points. These sites are important in regulating 

fission events111 and the transfer of Ca2+ into mitochondria via the lysosomal Ca2+ channel, 

TRPML1/MCOLN1267. These findings are beginning to uncover a reciprocal relationship 

between these organelles, and how coordinated the maintenance of their functions can be.  

 While exercise is widely accepted as a potent stimulus for improving mitochondrial 

health, often attributed to the stimulation of mitochondrial biogenesis, the importance of 

mitophagy and the lysosomes has yet to be fully been explored. TFEB and TFE3 have been 

identified as key metabolic regulators during exercise as the absence of TFE3 results in poor 

glucose handling and perturbed lipid oxidation during exercise197,200. Recent work in vivo has 

illustrated that lysosomal biogenesis actually precedes increases in mitochondrial content and 
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function during training326, which may suggest that lysosomal adaptations are required for 

mitochondrial adaptations to exercise. To evaluate the role of lysosomal regulators, TFEB and 

TFE3, in mediating mitochondrial adaptations, the expression of these transcription factors was 

reduced using siRNA in murine skeletal muscle cells. When differentiated into myotubes, 

C2C12 cells maintain their contractile properties and can be induced to contract through 

electrical stimulation, a model of “exercise in a dish”. This method is now widely used and 

reported in the literature, hereby referred to as chronic contractile activity or CCA443,444. We 

hypothesized that the loss of these transcription factors alone would not impact mitochondrial 

biogenesis, that any impairments would be rescued by CCA, but that the absence of both 

transcription factors together would blunt mitochondrial adaptations to CCA.  

Results 

Acute contraction-induced mitophagy flux in siTfeb or siTfe3 conditions. To mitigate 

discrepancies in myotube formation cells were transfected on day 3 of differentiation (Fig. 1A), 

at which stage myoblasts have already aligned and begun to fuse with one another. Tfeb and 

Tfe3 mRNA expression was successfully reduced by 83% and 79% respectively (Fig. 1B-C) 

following siRNA treatment independently, and in the absence of a compensatory response in 

the expression of the other transcription factor. Due to the highly dynamic nature of mitophagy, 

Bafilomycin A (BafA) was administered 24 hr prior to harvesting (Fig. 1A) and mitochondrial 

isolation to block the degradation of autophagosomes to accurately capture mitophagy flux (Fig. 

1A). Cells were subjected to an acute 3 hr bout of electrical stimulation to induce contractile 

activity (CA) to evaluate the role of TFEB and TFE3 in mediating acute responses to contractile 

activity (Fig. 1A). Following BafA treatment, SQSTM1 and LC3-II accumulated in all  
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Figure 1: Acute contraction-induced mitophagy flux in siTfeb or siTfe3 conditions. 
Schematic of the experimental design (A). Tfeb (B) and Tfe3 (C) mRNA expression 
following siRNA treatment and an acute bout of CA normalized to both Actb and B2mg 
(n=3). Representative western blots for SQSTM1, LC3-II in mitochondrial fractions (D). 
Quantification of SQSTM1 protein content in mitochondrial fractions (E). Quantification of 
SQSTM1 mitophagic flux, calculated as the difference between BafA- and Veh-treated 
conditions (F). Quantification of LC3-II protein content in mitochondrial fractions (G), 
Quantification of LC3-II mitophagic flux, calculated as above (H, n=9). Statistics are shown 
as follows, “siRNA” represents a main effect of KD; “BafA” indicates a main effect of BafA 
treatment; “CA” denotes a main effect of CA; “BafAxCA” reflects an interaction effect 
between BafA and CA; “siRNAxCA” represents a main effect of KD and CA; * denotes the 
p value for each effect, *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; # reflects post-
hoc analyses indicating a significant difference from time-matched SCR conditions, p<0.05. 
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conditions as expected (Fig. 1D, 1E, 1G). SQSTM1 mitophagy flux was modestly increased by 

acute CA (Fig. 1F), while LC3-II mitophagy flux was increased by 45% in SCR conditions (Fig. 

1H). This CA-induced mitophagic response was not observed with the reduction of TFEB where 

LC3-II mitophagy flux actually decreased by 39%. No changes were observed with the 

reduction of TFE3 (Fig. 1H).  

Chronic contraction-induced mitophagy flux in siTfeb or siTfe3 conditions. We have previously 

documented that although a single bout of contractile activity induces mitophagy flux, repeated 

bouts result in reduced flux as the pool of organelles is improved, thereby obviating the need 

for mitochondrial clearance313. To evaluate the role of TFEB and TFE3 in mediating this 

adaptive response, cells were subjected to four consecutive bouts of electrical stimulation, and 

were treated with BafA 24 hrs prior to collection (Fig. 2A). Following siRNA transfection, Tfeb 

and Tfe3 mRNA expression was reduced by 77% and 60% respectively, both basally and 

following chronic CA (CCA; Fig. 2B-C). Surprisingly, a compensatory effect was observed 

with the reduction of TFEB following CCA, as Tfe3 expression was further increased (Fig. 2C). 

With the reduction TFEB or TFE3, no significant changes were observed in the transcript levels 

of Sqstm1, Map1lc3b, Beclin1 or Park2. However, following CCA, Sqstm1 mRNA trended to 

increase, and in the absence of TFEB, Sqstm1 was further upregulated by 57% (Fig. 2D). 

Similarly, following CCA a reduction in Map1lc3b and Beclin1 mRNA was observed in SCR 

conditions, however with the reduction of TFEB these were increased in comparison by 66% 

and 67% respectively (Fig. 2E-F). Reduced Map1lc3b and Beclin1 mRNA (44% and 30% 

respectively) was observed basally with the reduction of TFE3 and was unchanged following 

CCA. No effect of CCA or knockdown was observed on Park2 mRNA (Fig. 2G).  

 



 65 

 

 

 

 

 

 

0 1 2 3 4 5 6 7 8 9 10

TR
A

N
SF

EC
T

EN
D

 T
RA

N
SF

EC
TI

O
N

CA
 

CA CA
,  

BA
FA

CA
 +

 B
A

FA
CO

LL
EC

T 
M

IT
O

 -
4 

D
A

Y

V  B V   B V   B V  B V   B V  B 
SCR siTFEB siTFE3 SCR siTFEB siTFE3

CON        CCA         .          

Ponceau

LC3-II

SQSTM1

CON CCA 
0.0

0.5

1.0

1.5

SQ
ST

M
1 

Pr
ot

ei
n 

(A
.U

.) BafA****, BafAxCCA*

CCA*

CON CCA
0.0

0.5

1.0

1.5

L C
3-

II
P r

ot
ei

n
( A

. U
. )

BafA****, BafAxCCA****

CCA****

A B C

H I

K

J

L

D E F G

M N O

SCR VEH
SCR BAFA

siTFEB VEH
siTFEB BAFA

siTFE3 VEH
siTFE3 BAFA

50kDa

10kDa

VDAC 37kDa

CON CCA
0.0

0.5

1.0

1.5

2.0

2.5

Tf
e3

 m
R

N
A

 E
xp

re
ss

io
n 

(F
ol

d 
C

ha
ng

e)

siRNA**, siRNAxCCA*

##
##

#

CON CCA
0.0

0.5

1.0

1.5

2.0

Tf
eb

 m
R

N
A 

Ex
pr

es
sio

n 
(F

ol
d 

C
ha

ng
e)

siRNA**

CCA*

## #

CON CCA
0

1

2

3

4

 S
qs

tm
1 

m
R

N
A 

Ex
pr

es
sio

n 
(F

ol
d 

C
ha

ng
e)

siRNA**, siRNAxCCA p=0.07

CCA p=0.07

#

CON CCA
0.0

0.5

1.0

1.5

 M
ap

1l
c3

b 
m

R
N

A
 E

xp
re

ss
io

n 
(F

ol
d 

C
ha

ng
e)

siRNA**, siRNAxCCA***

###

###

CON CCA
0.0

0.5

1.0

1.5

2.0

2.5

Be
cl

in
1 

m
R

N
A 

Ex
pr

es
sio

n 
(F

ol
d 

C
ha

ng
e)

siRNA**, siRNAxCCA*

#

##

CON CCA
0.0

0.5

1.0

1.5

Pa
rk
2 

m
R

N
A 

Ex
pr

es
sio

n 
(F

ol
d 

C
ha

ng
e)

CON CCA 
0.0

0.2

0.4

0.6

0.8

1.0

SQ
ST

M
1 

M
it

op
ha

gy
 F

lu
x

siRNAxCCA*

#

CON CCA 
0.0

0.2

0.4

0.6

0.8

L
C

3-
II

 M
it

op
ha

gy
 F

lu
x

CCA***

CON CCA
0.0

0.2

0.4

0.6

0.8

1.0

Cs
td

 m
R

N
A

 E
xp

re
ss

io
n 

(F
ol

d 
C

ha
ng

e)

siRNA**, siRNAxCCA*

CCA*

##

CON CCA
0.0

0.5

1.0

1.5

2.0

La
m
p1

 m
R

N
A 

Ex
pr

es
sio

n 
(F

ol
d 

C
ha

ng
e)

siRNA**, siRNAxCCA**

##

CON CCA
0.0

0.5

1.0

1.5

2.0

La
m
p2

 m
R

N
A

 E
xp

re
ss

io
n 

(F
ol

d 
C

ha
ng

e)

CCA p=0.06

siRNA**, siRNAxCCA*

#

##

SCR 
siTfeb
siTfe3



 66 

 

 

 

 

 

 

 

 

 

 Following BafA treatment, SQSTM1 and LC3-II accumulated in mitochondrial 

fractions as expected (Fig. 2I, 2K). With the reduction of TFEB or TFE3, no significant changes 

in SQSTM1 or LC3-II mitophagy flux were observed basally (Fig. 2J, 2L). Similarly, autophagy 

flux in whole cell lysates also did not differ between conditions basally (Fig. S1). In line with 

previous literature, SQSTM1 mitophagy flux was reduced following CCA in both SCR and 

siTfeb conditions by 25% and 45% respectively, however no change was observed with the 

reduction of TFE3 (Fig. 2J). A decline in LC3-II mitophagy flux was observed across all 

conditions irrespective of TFEB or TFE3 expression following CCA (Fig. 2L).  

 No differences were observed with the reduction of TFEB or TFE3 on the gene 

expression of various lysosomal markers under basal conditions (Fig. 2M-O). Following CCA, 

in SCR conditions Ctsd, Lamp1 and Lamp2 expression was decreased, in line with the Map1lc3b 

and Beclin1 mRNA, suggesting less transcriptional drive for autophagy and lysosomal 

machinery (Fig. 2M-O). However, with the reduction of TFEB, CCA led to increases in Ctsd, 

Lamp1 and Lamp2 mRNA by 63%, 40%, and 10%, respectively (Fig. 2M-O). It should be noted  

Figure 2: Chronic contraction-induced mitophagy flux in siTfeb or siTfe3 conditions. 
Schematic of the experimental design (A). Tfeb (B) and Tfe3 (C) mRNA expression 
following siRNA treatment and CCA normalized to both Actb and B2mg. Gene expression 
of Sqstm1 (D), Map1lc3b (E), Beclin1 (F), and Park2 (G) normalized to both Actb and B2mg 
(n=3). Representative western blots for SQSTM1, LC3-II in mitochondrial fractions (H). 
Quantification of SQSTM1 protein content in mitochondrial fractions (I). Quantification of 
SQSTM1 mitophagic flux, calculated as the difference between BafA- and Veh-treated 
conditions (J). Quantification of LC3-II protein content in mitochondrial fractions (K), 
Quantification of LC3-II mitophagic flux, calculated as above (L, n=9). Gene expression of 
Ctsd (M), Lamp1 (N), and Lamp2 (O) normalized to Actb and B2mg (n=3). Statistics are 
shown as follows, “siRNA” represents a main effect of KD; “BafA” indicates a main effect 
of BafA treatment; “CCA” denotes a main effect of CCA; “BafAxCA” reflects an interaction 
effect between BafA and CCA; “siRNAxCCA” represents a main effect of KD and CCA; * 
denotes the p value for each effect, *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; # 
reflects post-hoc analyses indicating a significant difference from time-matched SCR 
conditions, p<0.05; ##, p<0.01. 
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Figure 3: Mitochondrial adaptations to chronic contractile activity in siTfeb or siTfe3 
conditions. Representative western blots of mitochondrial markers following CCA (A). 
Graphical representation MTCO1 (B), COX IV (C), VDAC (D), UQCRC2 (E) following 
CCA. Oxygen consumption rates during basal respiration (F), maximal respiration (G) and 
coupled respiration, or ATP production (H) assessed using Seahorse corrected for nuclear 
and mitochondrial content. Experiments were reproduced 3 times, with 12 technical repeats 
per experiment. Representative tracing of oxygen consumption (I). Statistics are shown as 
follows, “siRNA” represents a main effect of KD; “CCA” denotes a main effect of CCA; * 
denotes the p value for each effect, *, p<0.05; ***, p<0.001. 
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that a trend for increased Tfe3 mRNA expression was observed in the absence of TFEB 

following CCA. This potential compensatory increase may have supported the increased gene 

expression observed (Fig. 2C).  

Mitochondrial adaptations to chronic contractile activity in the absence of TFEB or TFE3. The 

reduction of TFEB or TFE3 had no impact on the protein levels of mitochondrial markers, COX 

I, COX IV, VDAC or UQCRC2 basally (Fig. 3A-E). Oxygen consumption was also not 

different with the reduced expression of TFEB or TFE3, indicating that TFEB or TFE3 are not 

required individually for the maintenance of mitochondria basally in skeletal muscle cells (Fig. 

3.F-I).   

 Mitochondrial adaptations to CCA have been well documented in vivo, as well as in 

vitro. Protein expression of a number of mitochondrial markers including COX I, COX IV, 

VDAC and UQCRC2 increased irrespective of TFEB or TFE3 expression (Fig 3A-E). 

Assessment of mitochondrial function revealed significant increases in basal respiration, 

maximal respiration and ATP production following CCA, and this occurred irrespective of 

TFEB or TFE3 status (Fig. 3F-I), indicating that TFEB or TFE3 are not required individually 

for mitochondrial adaptations to CCA.  

Lysosomal adaptations to chronic contractile activity in siTfeb or siTfe3 conditions. 

Unexpectedly, we observed a 2-fold and 1.8-fold increase in lysosomal area basally with the 

reduced expression of TFEB and TFE3, respectively, based on Lysotracker Green staining (Fig. 

4A, 4B). To further appreciate lysosomal morphology, which greatly impacts lysosomal 

function, cells were stained with Lysoview 405 and imaged live. The reduction of TFEB or 

TFE3 basally did not result in any changes in lysosomal size (Fig. 4C, 4D). To assess lysosomal 

function, cells were treated with DQ-BSA, a fluorescent-tagged protein that emits green  
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fluorescence when unquenched upon degradation within the lysosomes. Basally siTfeb reduced 

the number of green puncta, indicating a lysosomal impairment (Fig. 4E, 4F).  

 Following CCA, lysosomal area increased 2.1-fold in SCR conditions (Fig. 4A, 4B). 

This was not observed with the reduction of TFEB or TFE3 (Fig. 4A, 4B). A significant 23% 

reduction in lysosomal size was observed in SCR cells following CCA, but this decrease was 

not seen in siTfeb or siTfe3 conditions (Fig. 4C, 4D). Since enlarged lysosomes, or lysosomal 

swelling, is often a sign of dysfunction, this decrease in size likely indicates a healthier pool of 

lysosomes following CCA. Corroborating this, DQ-BSA digestion was increased by 30% 

following CCA in SCR conditions, indicating improved lysosomal function (Fig. 4E, 4F). 

However, this adaptation to CCA was not observed in siTfeb conditions, but was present in 

siTfe3 conditions. This suggests that TFEB, but not TFE3, is a key regulator of lysosomal 

adaptations to CCA in muscle cells.  

Reduced contraction-induced mitophagy flux in siTfeb and siTfe3 conditions. To assess the 

importance of reducing both TFEB and TFE3 together, we then generated a TFEB and TFE3 

DKD condition using siRNA and employed the same experimental design (Fig. 5A). Tfeb and 

Tfe3 mRNA expression was reduced by on average 60% (ranging from 35%-82%) and 27%  

Figure 4: Lysosomal adaptations to chronic contractile activity in siTfeb or siTfe3 
conditions. C2C12 myotubes were stained with Mitotracker Red, Lysotracker Green and 
Hoescht following CCA and 21 hr recovery (A). Quantification of lysosomal area 
normalized to nuclei (B). Representative images of cells stained with Lysoview 405 to assess 
lysosomal size (C). Graphical representation of average size of Lysoview puncta in each 
field of view (D). Cells were treated with DQ-BSA for 4 hr and stained with Hoescht (E). 
Graphical representation of DQ-BSA puncta per nuclei (F). Each experiment was repeated 
3 times with 2 technical repeats/well, and 4 images were taken per well. Statistics are shown 
as follows, “siRNA” represents a main effect of KD; “CCA” denotes a main effect of CCA; 
“siRNAxCCA” represents a main effect of KD and CCA; * denotes the p value for each 
effect, *, p<0.05; **, p<0.01; ***, p<0.001; # reflects post-hoc analyses indicating a 
significant difference from SCR conditions, p<0.05. 
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Figure 5: Acute contraction-induced mitophagy flux in siTfeb and siTfe3 conditions. 
Schematic of the experimental design (A). Tfeb (B) and Tfe3 (C) mRNA expression 
following siRNA treatment, acute CA and CCA normalized to both Actb and B2mg. 
Representative western blots for SQSTM1, LC3-II in mitochondrial fractions (D). 
Quantification of SQSTM1 (E) and LC3-II (F) protein content in mitochondrial fractions 
following acute CA. Quantification of SQSTM1 (G) and LC3-II (H) protein content in 
mitochondrial fractions following chronic CCA. SQSTM1 (I) and LC3-II (J) mitophagic 
flux, calculated as the difference between BafA- and Veh-treated conditions (J, n=3). 
Statistics are shown as follows, “DKD” represents a main effect of DKD; “BafA” indicates 
a main effect of BafA treatment; “CCA” denotes a main effect of CCA; “DKDxCCA” 
represents a main effect of DKD and CCA; * denotes the p value for each effect, *, p<0.05; 
***, p<0.001; ****, p<0.0001; # reflects post-hoc analyses indicating a significant 
difference from time-matched SCR conditions, p<0.05; ##, p<0.01. 
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(ranging from 10% to 40%) respectively (Fig. 5B-C). Declines in the expression of Beclin1 and 

Park2 were observed in the DKD basally (Fig. S2 A, D), but no differences in the transcript 

levels of Sqstm1, Map1lc3b, Lamp2, or Mcoln1 were observed (Fig. S2).  BafA treatment 

induced an accumulation of both SQSTM1 and LC3-II on mitochondrial fractions across all 

conditions and timepoints (Fig. 5D, 5E, 5F). With the reduced expression of TFEB and TFE3, 

LC3-II and SQSTM1 mitophagy flux was reduced basally by 20% and 50% respectively (Fig. 

5I, 5J). However, autophagy flux assessed in whole cell lysates was not significantly impaired 

in the DKD condition basally (Fig. S3) illustrating that mitophagy is regulated independently 

from autophagy.  In line with previous results, LC3-II mitophagy flux was increased by 1.2-

fold following CA and decreased by 33% following CCA in the SCR condition. This CA-

induced increase was dependent on the presence of both TFEB and TFE3 (Fig. 5I). Similar to 

the previous findings, SQSTM1 mitophagy flux was reduced by 50% across all timepoints in 

TFEB and TFE3 DKD conditions (Fig. 5J).  

Mitochondrial adaptations to chronic contractile activity in siTfeb and siTfe3 conditions. The 

protein content of a host of mitochondrial markers was assessed, and surprisingly a main effect 

of DKO was observed for Citrate Synthase, COX I, and SDHB indicating increased 

mitochondrial proteins in TFEB and TFE3 DKD conditions (Fig. 6A-D). Strong trends were 

observed in COX I and SDHB to increase following CCA, and NDUFB8 was significantly 

upregulated by 2-fold (Fig. 6C-E). Further increases in Citrate Synthase (10%), COX I (25%) 

and SDHB (33%) were observed when TFEB and TFE3 expression was reduced following CCA 

(Fig. 6A-D). Despite these modest increases in mitochondrial content following CCA, 

assessment of mitochondrial function revealed a significant increase in maximal respiration and 

ATP production following CCA (Fig. 6F-I). However, this mitochondrial adaptation was  
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Figure 6: Mitochondrial adaptations to chronic contractile activity in siTfeb and siTfe3 
conditions. Representative western blots of mitochondrial markers following CCA (A). 
Graphical representation Citrate Synthase (B), MTCO1 (C), SDHB (D), NDUFB8 (E) 
following CCA (n=3). Oxygen consumption rates during basal respiration (F), maximal 
respiration (G) and coupled respiration, or ATP production (H) assessed using Seahorse 
corrected for nuclear and mitochondrial content. Experiments were reproduced 3 times, with 
20 technical repeats per experiment. Representative tracing of oxygen consumption (I). 
Statistics are shown as follows, “DKD” represents a main effect of DKD; “CCA” denotes a 
main effect of CCA; * denotes the p value for each effect, *, p<0.05; **, p<0.01; ***, 
p<0.001; ****, p<0.0001. 
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completely abolished in TFEB and TFE3 DKD conditions(Fig. 6F-I), indicating that the 

increase in mitochondrial markers observed likely reflected an accumulation of dysfunctional 

organelles. This further suggests that TFEB and TFE3 are required for mitochondrial 

adaptations to CCA.  

Lysosomal adaptations to chronic contractile activity in siTfeb and siTfe3 conditions. Contrary 

to our initial hypothesis, a significant increase in LAMP1 was observed in DKD conditions (Fig. 

7A, 7C), while MCOLN1 and v-ATPase remained unchanged, indicating some compositional 

changes at the level of the lysosome (Fig. 7D-E). Cathepsin B, a lysosomal protease, typically 

undergoes a maturation step within the lysosome and can serve as an indication of lysosomal 

status/function. We observed a 22% increase in mature Cathepsin B protein content in TFEB 

and TFE3 DKD conditions(Fig. 7F), however when the ratio of mature:premature was assessed 

as a functional metric, a significant 20% reduction was observed in the DKD conditions (Fig. 

7G). No differences were observed basally in lysosomal content, as measured by Lysotracker 

Green staining in the absence of both TFEB and TFE3 (Fig. 8A, 8C). However following CCA, 

lysosomal content increased by 71% in SCR conditions and by 95% in DKD conditions (Fig. 

8A, 8C). Lysosomal function assessed using DQ-BSA staining, was decreased by 22% basally 

in TFEB and TFE3 DKD conditions (Fig. 8D-F). In SCR conditions, lysosomal function 

increased by 26% following CCA, however in the DKD condition lysosomal function was 

reduced by 52% (Fig. 8D-F). Taken together these results indicate that TFEB and TFE3 are 

required for normal lysosomal function, as well as the adaptive response to CCA.   

Discussion 

 Exercise is a potent stimulus for improving mitochondrial quality and quantity, and the 

mechanisms involved in these adaptations are still being characterized. These changes are a by- 
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product of not only stimulating mitochondrial biogenesis, but also the clearance of 

dysfunctional mitochondria through mitophagy5. Recent work has suggested that lysosomal 
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Figure 7: Lysosomal adaptations to chronic contractile activity in siTfeb and siTfe3 
conditions. Representative western blots of lysosomal markers following CCA (A). 
Graphical representation Optineurin (B), LAMP1 (C), MCOLN1 (D), v-ATPase (E), and 
Cathepsin B (F) following CCA (n=3). The ratio of mature Cathepsin B to total was assessed 
as an indication of lysosomal status (G). Statistics are shown as follows, “DKD” represents 
a main effect of DKD; “CCA” denotes a main effect of CCA; * denotes the p value for each 
effect, *, p<0.05; **, p<0.01; ***, p<0.001; # reflects post-hoc analyses indicating a 
significant difference from time-matched SCR conditions, p<0.05; ##, p<0.01. 
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Figure 8: TFEB and TFE3 are required for functional lysosomal adaptations to CCA. 
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nuclei (B), and mitochondrial area normalized to nuclei (C). Cells were treated with DQ-
BSA for 4 hrs and stained with Hoescht (D). Graphical representation of DQ-BSA puncta 
per nuclei (E). Each experiment was repeated 3 times with 3 technical repeats/well, and 4 
images were taken per well. Statistics are shown as follows, “DKD” represents a main effect 
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p<0.001; ****, p<0.0001; # reflects post-hoc analyses indicating a significant difference 
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expression of TFEB or TFE3 individually may impact acute signaling, but it does not impede 

mitochondrial adaptations to CCA. However, the reduction of both TFEB and TFE3 together 

compromised mitochondrial adaptations, likely due to lysosomal impairments and reduced 

mitophagy flux.  

 Previous accounts have demonstrated that TFEB or TFE3 are sufficient to upregulate 

lysosomal- and autophagy-related genes, but they are not required to maintain basal autophagy 

flux166,169,445. This is likely due to the redundant nature of the MiT family, whereby all 

transcription factors can bind to the CLEAR network and appear to respond to the same 

activating signals164,166. However, TFEB and TFE3 are required for the appropriate autophagic 

response to stress, the most well documented being starvation169,445. Previous reports in vivo 

have demonstrated both morphological and functional mitochondrial impairments in the 

absence of TFEB or TFE3197,325. However, these were not observed in the present study, 

possibly due to the nature of the experimental design which mimics a conditional knockout, as 

TFEB and TFE3 were reduced during early maturation to avoid interference with the 

differentiation process195.  

 TFEB and TFE3 have previously been implicated in the process of mitophagy in 

response to mitochondrial perturbations446, however this has not yet been assessed in skeletal 

muscle or in the context of contractile activity or exercise. In line with previous accounts on 

stress-induced autophagy, the reduced expression of TFEB or TFE3 alone did not impact basal 

mitophagy flux. However, the acute CA-induced increase in mitophagy flux was blunted in 

siTfeb or siTfe3 conditions. Following repeated bouts of CA, mitophagy was reduced. This is in 

line with previous literature in vivo, which suggests that as the mitochondrial pool improves 

with CCA, signaling towards mitophagy is reduced. There was no difference in the mitophagic 
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response following CCA with reduced TFEB or TFE3 expression, indicating that while the 

acute response may be impacted, there is likely some adaptive compensation with the repeated 

stress of CA. This was observed in the reduced expression of TFEB, in which a compensatory 

increase in Tfe3 mRNA likely contributed to the further upregulation of the autophagy and 

lysosomal genes, Map1lc3b, Beclin1, Ctsd, Lamp1 and Lamp2 following repeated bouts of CCA. 

Previous reports have also suggested that in the absence of TFE3 there is a compensatory 

increase in MITF expression in primary myoblasts202, although this was not addressed in this 

current study. Increased mitochondrial content and improved mitochondrial function were 

observed following CCA in the silencing of TFEB or TFE3 individually, indicating that the loss 

of each of these transcription factors alone is not required for mitochondrial adaptations to 

contractile activity. 

 Recent reports have illustrated that TFEB and TFE3 are activated in vivo following an 

acute bout of exercise and that this promotes increases in lysosomal content in response to 

training190,197,262,324–326. Even though mitophagy flux is reduced following exercise training or 

CCA (current study), muscle becomes primed with an increased capacity for autophagy or 

mitophagy to response to future stress. Our data indicate that lysosomes do adapt to contractile 

activity, and in response to CCA exhibit morphological and functional changes. Enlarged or 

swollen lysosomes are a sign of lysosomal impairment447. Here we show that CCA reduces 

lysosomal size, potentially indicating a healthier pool or organelles. Direct evidence for this 

improvement is provided by the enhanced DQ-BSA fluorescence following CCA. Intriguingly, 

in TFEB knockdown conditions alone, lysosomal size was not reduced, nor was an 

improvement in lysosomal function observed following CCA. Despite this lack of lysosomal 

adaptation, mitochondria were still able to increase in function and content, illustrating the 
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independent nature of the plasticity of these organelles. It is possible that the increase in TFE3 

expression in the absence of TFEB served to help fulfill this compensatory role, as TFE3 has 

been shown to regulate PGC-1a in skeletal muscle202 in order to achieve the mitochondrial 

adaptations to CCA.  

 In light of the redundancy of these transcription factors, we sought to generate a DKD 

condition lacking both TFEB and TFE3. The reduced expression of both TFEB and TFE3 

greatly impacted mitophagy flux basally and abolished the CA- and CCA-induced fluctuations 

in mitophagy flux. In line with these results, as CCA tended to increase various mitochondrial 

markers, the knockdown of TFEB and TFE3 further increased their cellular levels. Taken 

together with the reduction in mitophagy flux, this likely represents an accumulation of 

dysfunctional mitochondria instead of the enhanced biogenesis of a nascent pool of healthy 

organelles. In line with this hypothesis, oxygen consumption rates improved in SCR conditions, 

but this adaptation was completely lost in TFEB and TFE3 DKD conditions, indicating that 

TFEB and TFE3 together are required for mitochondrial biogenesis adaptations to CCA. 

Furthermore, while the current study focused on the role of TFEB and TFE3 in lysosomes, 

previous work has identified both TFEB and TFE3 as metabolic regulators during exercise197,200. 

The lack of mitochondrial adaptations to CCA are therefore likely attributed to a decline in 

mitophagy flux, and metabolic impairments that limited mitochondrial substrate availability and 

utilization. Our data likely illustrate another mode in which TFEB and TFE3 contribute to 

contractile activity-induced adaptations. 

 As TFEB and TFE3 are positive lysosomal regulators, we hypothesized that the absence 

of these transcription factors would result in a reduction of lysosomal content. To our surprise, 

we observed an increase in a number of lysosomal markers. We reasoned that this must indicate 



 80 

an accumulation of lysosomes that are dysfunctional. Indeed, we provide evidence of lysosomal 

dysfunction, seen by ineffective maturation of lysosomal protease Cathepsin B and reductions 

in DQ BSA fluorescence both basally and following CCA. Recent work has shown that 

lysosomes also need to be recycled, and blocking this reformation in muscle results in a loss of 

force production and signs of muscle dysfunction448. Some work has shown that lysosomes can 

undergo exocytosis to expel their contents and also aid in plasma membrane repair, and that this 

process relies on TFEB expression449. There are a number of mechanisms through which 

lysosomes can undergo turnover but these are still being uncovered158. Based on the current 

findings, as lysosomes accumulate in TFEB and TFE3 DKD conditions following CCA, this 

suggests that lysosomal recycling is a key mechanism for lysosomal adaptations, which in turn 

supports mitochondrial adaptations through mitophagy. Thus, more work is warranted to 

characterize these mechanisms, especially in the context of exercise.  

 In summary, our findings demonstrate the necessity for the maintenance of lysosomal 

function, as well as normal mechanisms of mitochondrial turnover (i.e. mitophagy) in mediating 

mitochondrial adaptations to chronic contractile activity. We also provide evidence of 

redundancy among the members of the MiT family, as the absence of one transcription factor 

alone did not impede the ability of skeletal muscle to adapt to contractile activity. There is 

growing evidence that mitochondria and lysosomes dynamically regulate each other through 

contact sites. Understanding how these organelles communicate and interact during exercise 

would provide insight into the interplay of the adaptability of these organelles. We also provide 

further evidence of the dynamic nature of lysosomes that is akin to that exhibited by 

mitochondria in response to chronic contractile activity, as well as the necessity for both TFEB 

and TFE3 in facilitating this response. A greater understanding of how these transcription 
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factors regulate lysosome recycling will surely provide insight into how skeletal muscle adapts 

to exercise.  

Materials & Methods 

Cell culture and siRNA transfection.  C2C12 murine skeletal muscle cells (ATCC, CRL 1772) 

were grown in 6-well plates in Dulbecco’s modified Eagle’s medium (DMEM; Wisent, 319-

015-CL) supplemented with 10% fetal bovine serum (FBS; Gibco, 12-483-020) and 1% 

penicillin-streptomycin (PS; Wisent, 450-201-EL). Once myoblasts reached ~90% confluency, 

differentiation was induced by switching the media to DMEM supplemented with 5% horse 

serum (HS; Gibco, 16-050-114) and 1% PS and replenished daily. On day 2 of differentiation 

cells were switched to pre-transfection media (DMEM, 5% HS) for 24 hrs. The following day 

the cells were transfected with either 100nmol of scrambled (SCR), siTfeb, or siTfe3 siRNA and 

equal volumes of lipofectamine RNAiMAX (ThermoFisher, 13778075) in pre-transfection 

media. Cells were transfected for 48 hrs, following which cells were washed with PBS and 

replenished with normal differentiation media.   

Chronic contractile activity, Bafilomycin A1 Treatment. Following transfection, cells were given 

24hrs to recover in normal differentiation media, and then subjected to electrical stimulation as 

previously described262,443. Briefly, plastic lids for the 6-well plates were retrofitted with two 

platinum electrodes that run the width of well in parallel at opposite ends, at a depth suitable to 

be submerged in media once placed on the plate. Electrodes were designed in a parallel circuit 

and attached to a stimulator unit that would deliver electrical stimulation at a frequency of 5 Hz, 

10V intensity eliciting contractile activity of the myotubes. Stimulation was done chronically 

for 3 hrs per day, for 4 consecutive days allowing a 21hr recovery period between bouts at 37°C 

and 5% CO2. Media was replenished before and after stimulation. To assess mitophagy and 
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autophagy flux, cells were treated 24hrs prior to collection with either vehicle (Veh), DMSO, 

or 50nM Bafilomycin A1 (BafA; BioShop, BAF002.1). BafA or Veh, were also supplemented 

when media was changed prior to stimulation, at which time non-stimulated controls also 

received replenishment of media and treatment. Flux was then calculated as the difference 

between BafA-treated conditions and Veh-treated conditions with respect to common markers 

found within the autophagosome, namely SQSTM1 and LC3-II, as previously described7,262. 

Mitochondrial fractionation. Briefly, cells were scraped using a rubber policeman with ice-cold 

PBS and centrifuged at 14,000xg for 5 min. Pellets were then resuspended in 200µL of 

resuspension buffer (1000mM KCl, 10mM MOPS and 0.2% BSA) and homogenized using a 

glass dounce homogenizer (Canadawide Scientific, 914-900-02) and then centrifuged at 

1,000xg for 10 min at 4°C. The supernate was then centrifuged at 14,000xg for 15 min at 4°C 

to pellet mitochondria, pellets were washed and spun again. Finally, the pellet was resuspended 

in 25-30µL of resuspension buffer and subjected to 3 freeze-thaw cycles on dry ice to disrupt 

the membranes and liberate all matrix proteins.  

Mitochondrial respiration using Seahorse. 10,000 cells were seeded and grown on seahorse 96-

well plates and subjected to the same experimental design described above. 96-well plastic lids 

were retrofitted with platinum electrodes, whereby each well had two point electrodes on 

opposite ends that were of sufficient length/depth to be submerged in media. Electrodes were 

only retrofitted to half the plate, so that control and stimulated conditions could be analyzed in 

the same experiment. Myotubes were subjected to the same CCA protocol as above using a 

voltage of 1.5V. The Seahorse XF96 Mito Stress Test Kit (Agilent Biosciences, 103015-100; 

Seahorse XFe96 Analyzer, Agilent Biosciences, Santa Clara, CA, USA) was performed 21 hrs 

following the last bout according to manufacturer’s instructions. Cells were then washed with 



 83 

PBS and 10µM Hoescht (ThermoFisher, 62249) and 100nM Mitotracker Green (ThermoFisher, 

M7514) was applied in phenol-free media for 15 min and subsequently washed. Fluorescence 

was then measured using Cytation5 plate reader (BioTek Instruments, Winooski, VT, USA) and 

the ratio of nuclei to mitochondria was used to normalize oxygen consumption rates (OCR) to 

better represent mitochondrial respiration per mitochondria. 

Protein extraction and immunoblotting. Protein extracts were made from frozen pellets of 

collected myotubes. Briefly, pellets were vigorously resuspended in Passive Lysis Buffer 

(Promega, E194A) supplemented with protease and phosphatase inhibitors (Roche, 11-697-

498-001; Sigma, P0044; Sigma, P5726). Lysates were then subjected to 5 freeze-thaw cycles 

using liquid nitrogen and then centrifuged at max speed at 4°C and supernate was collected. 

Protein concentration was then measured using the Bradford method. Whole cell protein 

extracts or mitochondrial fractions (20µg) were applied to a 10-18% SDS-PAGE gels and 

subsequently transferred onto a nitrocellulose membrane. Membranes were blocked in 5% skim 

milk in TBS-T (100 mM TRIS, 100 mM NaCl, 0.1% Tween 20) for 1 hr at room temperature 

with constant agitation. Primary antibodies were diluted in 5% skim milk in TBS-T directed 

against ATG7 (1:1000; Sigma-Aldrich, A2856), Beclin1 (1:1000; Cell Signaling Technology, 

3738S), Citrate Synthase (1:1000; Abcam, ab96600), MTCO1 (1:500; Abcam, ab14705), COX 

IV (1:500; Abcam, ab14744), CTSB (1:1000; Cell Signaling Technology, 31718S), GAPDH 

(1:100,000; Abcam, ab8245), LAMP1 (1:1000; Abcam, ab24170), LC3 (1:500; Cell Signaling 

Technology, 4108S), MCOLN1 (1:1000; Invitrogen, PA1-46474), Optineurin (1:500; Santa 

Cruz Biotechnology, SC-166576), SQSTM1(1:1000; Cell Signaling Technology, 5114S), TFE3 

(1:500; Sigma-Aldrich, HPA023881), UQCRC2 (1:500; Abcam, AB14745), v-ATPase (1:1000, 

Santa Cruz Biotechnology, SC-55544), VDAC (1:500; Abcam, AB14734), total OXPHOS: 
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ATP5A, UQCRC2, MTCO1, SDHB, NDUFFB8 (1:1000, Abcam, STN-19467) and incubated 

overnight at 4°C and then horseradish-peroxidase (HRP)-linked secondary antibodies (Cell 

Signaling Technology, 7074S; 7076S) were applied according to the manufacturer’s 

suggestions the following day for 1 hr at room temperature. Blots were then imaged using ECL 

(BioRad, 1705061) and iBright 1500 imager (Invitrogen, Waltham, MA, USA).  

RNA extraction and qPCR. Total RNA was isolated from myotubes using TRIzol (Ambion, 

15596018) according to the manufacturer’s instructions. RNA concentrations were measured 

using spectrophotometry (Nanodrop2000; ThermoFisher Scientific, Waltham, MA, USA). 

Total RNA (2µg) was then reverse transcribed to generate cDNA using Superscript III reverse 

transcriptase and Oligo(dt)20 (Invitrogen, 18080-044; 18418020) according to the 

manufacturer’s instructions. qPCR was carried out using the StepONE Plus PCR system 

(Applied Biosystems, Waltham, MA, USA) and Sybr Green Master Mix (Bimake, B21202). 

Primers were designed, optimized to ensure primer efficiency, and then verified for specificity 

with dissociation melt curves. Each sample and primer was run in duplicate with a negative 

control containing no cDNA and normalized to two housekeeping genes, ActB, and B2MG, (see 

Table 1 for primer sequences). Data was analyzed using the 2-∆∆Ct method, and statistical 

analysis was performed on the unlogged ∆Ct values using a two-way ANOVA with Bonferroni 

post-hoc tests.  

Confocal microscopy and staining. Cells were cultured on glass-bottom 6-well plates (Cellvis, 

P06-1.5H-N) and 21 hr following their last bout of CCA were incubated with 10µM Hoescht 

33342 (ThermoFisher, P162249), 100nM Mitotracker Red (ThermoFisher, M7512) and 50nM 

Lysotracker Green (ThermoFisher, L7526) in phenol-free DMEM (Wisent, 319-065-CL) for 15 

min at 37° with 5% CO2 then washed with PBS and phenol-free DMEM was replenished. Live  
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Table 1: List of primer oligonucleotide sequences in real-time qPCR analysis for Mus musculus 

Gene Forward Primer Reverse Primer 

Tfe3 5'-GGAATGGTGGCAAAGGTATAA-3' 5'-GGCTCTGAAACAGGGGTAGT-3' 

Tfeb 5'-
AGCTCCAACCCGAGAAAGAGTTTG-3' 

5'-CGTTCAGGTGGCTGCTAGAC-3' 

Sqstm1 5'-TGTGGTGGGAACTCGCTATAA-3' 5'-
CAGCGGCTATGAGAGAAGCTAT-3' 

Map1lc3b 5'-GCTTGCAGCTCAATGCTAAC-3' 5'-CCTGCGAGGCATAAACCATGTA-
3' 

Beclin1 5'-AGGCTGAGGCGGAGAGATT-3' 5'-TCCACACTCTTGAGTTCGTCAT-
3' 

Park2 5'-GTCTGCAATTTGGTTTGGAGTA-3' 5'-
GCATCATGGGATTGTCTCTTAAA-3' 

Ctsd 5'-TTTGCCAATGCTGTCGTACT-3' 5'-AGCGAGTGTGACTATGTGTGA-3' 

Lamp1 5'-CTAGTGGGAGTTGCGGTATCA-3' 5'-
AGGGCATCAGGAAGAGTCATAT-3' 

Lamp2 5'-GCTGAACAACAGCCAAATTA-3' 5'-CTGAGCCATTAGCCAAATACAT-
3' 

Mcoln1 5'-TTGCAGCCTACACACAGGAG-3' 5'-AGAGAGCCAAAGCTGATCCA-3' 

B2mg 5'-GGTCTTTCTGGTGCTTGTCT-3' 5'-TATGTTCGGCTTCCCATTCT-3' 

Actb 5'-TGTGACGTTGACATCCGTAA-3' 5'-GCTAGGAGCCAGAGCAGTAA-3' 

 
 
cells were then imaged using an inverted Nikon Eclipse TE-2000 confocal microscope equipped 

with a 60x/1.5 oil-immersion objective lens and a custom-built chamber to maintain temperature 

and CO2 levels. Cells were also stained with Lysoview 405 (Biotium, 70066) at a 1x 

concentration and incubated for 15 min to visualize lysosomal morphology and size. Finally, 

cells were incubated with 10µg of DQ-BSA green (ThermoFisher, D12050) for 4 hr, cells were 

then washed with PBS and Hoescht was applied for 5 min and then replenished with phenol-

free media. Images were captured and analyzed using the NIS Elements Software (AR 3.1 

Version, Nikon, Tokyo, Japan). To selectively quantify mitochondrial or lysosomal parameters 

within myotubes, regions of interest (ROI) were manually draw around myotubes and analysis 



 86 

was done within those ROIs. For each stain, 3-5 images were taken per well, 2 wells were 

devoted to each condition and the experiment was repeated 3 separate times.  

Statistical analyses. Data presented are means ± SEM and statistical analyses were performed 

using Prism 9 (GraphPad, La Jolla, CA, USA). Two-way ANOVAs were conducted for all 

siRNA and CCA experiments with repeated measures and Bonferroni post-hoc tests. P values 

less than 0.05 were accepted as significant. Throughout the manuscript a main effect of 

knockdown is denoted as “siRNA” and later in double knockdown experiments as “DKD” with 

the asterisk (*) representing the p value. Similarly, a main effect of CCA is represented as 

“CCA”, and any interaction effects are shown as “siRNAxCCA” or “DKDxCCA”. Hashtag 

symbol (#) represents post-hoc analyses illustrating a significant difference from SCR 

conditions.  

Acknowledgments 

This work was supported by the Natural Sciences and Engineering Research Council of Canada 

and funding from the Canadian Institutes of Health Research. D.A. Hood is the holder of a Tier 

I Canada Research Chair in Cell Physiology. A.N. Oliveira is the recipient of the Natural 

Science and Engineering Research Council Doctoral Canada Graduate Scholarship. We would 

like to acknowledge and thank Dr. Yuki Tamura for pilot work and technical assistance in 

protocol designs. We would also like to thank Sara Keshavari for her assistance in preparing 

experiments and samples.  

Disclosure Statement: No potential conflict of interest. 

 
 
 
 
 
 



 87 

 
 
 
Supplemental Figure 1: Chronic contractile activity-induced autophagy flux in siTfeb or siTfe3 
conditions. Schematic of the experimental design (A). Tfeb (B) and Tfe3 (C) mRNA expression 
following siRNA treatment and CCA+21hr recovery normalized to both Actb and B2mg (n=3). 
Representative western blots for SQSTM1, LC3-II in whole cell lysate (D). Quantification of 
SQSTM1 (E) and LC3-II (G) protein content in whole cells lysates following CCA and recovery. 
SQSTM1 (F) and LC3-II (H) autophagic flux, calculated as the difference between BafA- and 
Veh-treated conditions (n=9). Statistics are shown as follows, “siRNA” represents a main effect 
of KD; “siRNAxCCA” represents a main effect of KD and CCA; * denotes the p value for each 
effect, *, p<0.05; ***, p<0.001. 
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Supplemental Figure 2: mRNA expression in siTfeb and siTfe3 conditions following CA and 
CCA. Gene expression of Beclin1 (A), Sqstm1 (B), Map1lc3b (C), Park2 (D), Ctsd (E), Lamp2 
(F), Lamp1 (G), and Mcoln1 (H) normalized to both Actb and B2mg (n=3) following acute CA 
and CCA. Statistics are shown as follows, “DKD” represents a main effect of DKD; “CCA” 
denotes a main effect of CCA; “DKDxCCA” represents a main effect of DKD and CCA; * 
denotes the p value for each effect, *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; # 
reflects post-hoc analyses indicating a significant difference from SCR conditions, p<0.05; ##, 
p<0.01. 
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Supplemental Figure 3: Chronic contractile activity-induced autophagy flux in siTfeb and 
siTfe3 conditions. Schematic of the experimental design (A). Representative western blots for 
SQSTM1, LC3-II in whole cell lysate (D). Quantification of SQSTM1 (C) and LC3-II (D) 
protein content in whole cells lysates following CCA and recovery. SQSTM1 (E) and LC3-II 
(F) autophagic flux, calculated as the difference between BafA- and Veh-treated conditions 
(n=3). Statistics are shown as follows, “DKD” represents a main effect of DKD; “BafA” 
indicates a main effect of BafA treatment; * denotes the p value for each effect, ****, p<0.0001.  
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Abstract 

Background: Muscle atrophy is a common consequence of prolonged inactivity and is 

accompanied by mitochondrial dysfunction. Damaged mitochondria can be recycled by 

mitophagy, via the lysosomes. Ineffective clearance of mitochondria can lead to cellular 

pathology, but the regulation of mitophagy and lysosomes via the transcription factor TFE3 is 

incompletely understood.  In addition, the effect of biological sex is still widely underreported 

in the context of muscle disuse, and with respect to mitophagy and lysosomes.  

Methods: Wild-type (WT) mice, along with mice lacking TFE3 (KO), a transcriptional 

regulator of lysosomal and autophagy-related genes, were subjected to unilateral sciatic nerve 

denervation for up to 7 days, while the contralateral limb was sham-operated and served as an 

internal control. A subset of animals was treated with colchicine to capture autophagy and 

mitophagy flux. Mitochondrial and lysosomal proteins were assessed along with organelle 

function.  

Results: WT females exhibited increased oxygen consumption rates and decreased ROS 

emission during active respiratory states, however this was blunted in the absence of TFE3. 

Surprisingly, females exhibited 40% higher LC3-II mitophagy flux, and increased lysosomal 

content basally that was independent of TFE3 expression. Following denervation, female mice 

were modestly protected from muscle atrophy compared to male counterparts. Intriguingly, this 

sex-dependent protection was lost in the absence of TFE3. Denervation resulted in 45% and 27% 

losses of mitochondrial content in WT and KO males respectively, however females were 

completely protected against this decline. Decreases in mitochondrial function were more 

severe in WT females compared to males following denervation, as ROS emission was 2.4-fold 

higher. However, TFE3 KO males exhibited a robust 5-fold induction in ROS emission 
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following denervation in contrast to their WT counterparts. In response to denervation, LC3-II 

mitophagy flux was reduced by 44% in females likely contributing to the maintenance of 

mitochondrial content, however this response was dysregulated in the absence of TFE3. While 

both males and females exhibited increased lysosomal content following denervation, this 

response was augmented in females in a TFE3-dependent manner.  

Conclusions: Females have higher lysosomal content and mitophagy flux basally, likely 

contributing to the improved mitochondrial phenotype. Denervation-induced mitochondrial 

adaptations were sexually dimorphic, as females preferentially preserve content at the expense 

of function, while males display a tendency to maintain mitochondrial function. Our data 

illustrate that TFE3 is vital for the sex-dependent differences in mitochondrial function basally, 

and in determining the atrophy phenotype in response to denervation.   
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List of Abbreviations 
 
ADP   Adenosine diphosphate 
ATP   Adenosine triphosphate 
ATG7   Autophagy related 7 
COL   Colchicine 
COX   Cytochrome c oxidase 
COX I   Cytochrome c oxidase subunit 1 
COX IV  Cytochrome c oxidase subunit IV 
CTSD   Cathepsin D 
EDL   Extensor digitorum longus 
KO   Knockout 
LAMP1/2  Lysosome membrane associated protein 1/2 
LC3   Microtubule-associated protein 1A/1B light chain 3B  
MCOLN1/TRPML1 Mucolipin1 
MiT   Microphthalmia 
MQC   Mitochondrial quality control   
ROS   Reactive oxygen species 
SOL   Soleus 
SQSTM1 or p62 Squestosome 1 
TA   Tibialis Anterior 
TFEB   Transcription factor EB 
TFE3   Transcription factor E3 
UQCRC2  Ubiquinol-Cytochrome c reductase core protein 2 
v-ATPase  Vacuolar-type ATPase 
VDAC   Voltage-dependent anion channel 
VEH   Vehicle 
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Introduction 

Loss of skeletal muscle mass as a result of fiber atrophy is a consequence of prolonged 

periods of inactivity, but is also commonly seen with age, cancer, among othersS1, the severity 

of which is a strong predictor of patient outcome and mortality450. There remains a large gap in 

the literature regarding how biological sex influences the mechanisms involved in atrophy. This 

is problematic as it has been documented that females are more prone to developing muscle 

weakness during hospital visits requiring intensive care and have a higher incidence of 

mortality424. Therefore, there is an urgent need to better understand muscle atrophy in female 

subjects.  

 Muscle atrophy is often preceded by aberrant mitochondrial phenotypes451,452,S2. 

Declines in mitochondrial enzymatic activity, reductions in coupling efficiency, impaired ATP 

production, and decrements in oxygen consumption rates are observed with prolonged 

disuse333,453,S1,S3-S8. Elevations in reactive oxygen species (ROS) have also been seen and are 

thought to be a major driver in the muscle atrophy phenotype410,454,S9. Recently, it was shown 

that despite males having higher ROS emission basally, the production of ROS following 

hindlimb unloading is greater in females220,455.  

Due to the exacerbated mitochondrial dysfunction observed during disuse, there is a 

greater cellular requirement for mitophagy, the selective removal of damaged mitochondria via 

the lysosomes334,456,S10. Dysfunctional mitochondria are segregated from the reticulum through 

events of fission and targeted for degradation229,419,S11,S12. A variety of mitophagic signaling 

pathways have been described, which all culminate in engulfment by the autophagosome and 

trafficking to the lysosome229,249,251,S13. The lysosomes are critical sites for catabolism, and are 

tightly linked to mitochondrial health and cellular homeostasisS14. Lysosomes are regulated by 
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the microphthalamia (MiT) family of transcription factors, namely TFEB and TFE3, which have 

been shown to respond to various signals including nutrient deprivation, ROS and Ca2+ influx 

169,185,189,445,S15,S16. While considerable effort has been devoted to the study of TFEB, much less 

is known about the impact of TFE3 on lysosome formation.  

Increases in the expression of lysosomal markers are seen with disuse, as are the 

regulators TFEB and TFE3, indicating a greater need for lysosomes during muscle disuse218. 

Recently, reductions in mitophagy flux and increased inclusions found within skeletal muscle 

thought to be indicative of lysosomal dysfunction were observed in male rats following 

denervation334. Basally there is evidence to suggest that females have increased autophagy 

machinery and lysosomal content in comparison to males218,S17. The would suggest a better 

maintenance of mitochondria during an imposed stress such as disuse, however some data 

suggest a worse mitochondrial phenotype220. Increased LC3-II and p62 levels have been found 

in female rodents following hindlimb unloading220 but formal flux measurements have yet to be 

done. Thus, the purpose of this study was to investigate the role of lysosomes and the 

transcriptional regulator TFE3, in a severe model of disuse, sciatic denervation, by utilizing a 

TFE3 whole body knockout animal and capturing sex differences through the use of both males 

and females with a specific focus on mitophagy. We hypothesized that females would have 

some mitophagic impairment leading to a worse denervation-induced mitochondrial phenotype. 

Similarly, we speculated that TFE3 KO animals would exhibit a paradoxical phenotype 

whereby mitochondria were preserved due to lysosomal impairments, but that the functionality 

of these organelles would be poor.  
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Methods 

Animal handling and sciatic denervation surgery C57BL/6 (WT) and B6.129S1-Tfe3tm-

1Est/Mmjax were obtained from Jackson Laboratories and have been used previously197. Three 

month old male and females animals were randomly assigned to either 1- or 7-day experimental 

groups and subjected to sciatic denervation surgery333. During deep anaesthetized using 

isofluorane, a 2-3 mm section of the sciatic nerve was excised on one hindlimb, while the other 

was sham-operated serving as an internal control. Animals were given analgesics (Meloxicam, 

2µg/g body weight on the day of surgery, and 1µg/g body weight on the subsequent day) and 

antibiotics (Baytril, 5mg/kg) post-surgery and provided food and water ad libitum throughout 

the treatment. The affected hindlimb muscles were collected for analysis. All procedures were 

approved by the Animal Care Committee at York University under the Canadian Council of 

Animal Care.  

Colchicine treatment and flux measurements. A subset of animals was treated with either 

colchicine (0.4mg/kg/day; Col; C9754, Sigma) or 0.9% saline as vehicle (Veh) via 

intraperitoneal injection for 3 days prior to tissue collection as previously described334,S18. 

Constituents of the autophagosome were measured via immunoblotting in both mitochondrial 

fractions and whole muscle lysates to accurately capture mitophagy and autophagy. To calculate 

flux, the Veh values were subtracted from the mean Col value for the corresponding timepoint.  

Cytochrome C Oxidase (COX) activity. COX activity was used as an indication of mitochondrial 

content. Briefly, frozen portions of TA muscle were lysed in enzyme extraction buffer using the 

Qiagen TissueLyser II and sonicated (3x3 s, at 30% power). A buffered test solution with fully 

reduced horse heart cytochrome c (C-2506, Sigma) was prepared and combined with enzyme 
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extracts in a 96-well plate. The maximal oxidation rate of fully reduced cytochrome c was 

measured by the absorbance at 550nm at 30°C using a microplate reader (Cytation 5, BioTek).  

Mitochondrial fractionation. The gastrocnemius muscle was minced on a chilled watch glass 

on ice immediately after collection. Mitochondrial isolation buffer (67mM sucrose, 50mM Tris, 

50mM KCl, 10mM EDTA, 0.2% BSA; pH 7.4) was added to the minced tissue, homogenized 

and centrifuged at 1,200 xg for 15 min at 4°C. Following, the supernate was centrifuged at 

12,000 g to pellet mitochondria and the sample was cleaned with subsequent centrifugation 

steps.  

High-resolution respirometry and ROS emission. High-resolution respirometry (Oxygraph-2K, 

Oroboros Instruments) was performed on a medial section of the control and denervated TA. 

As previously described333, fibers were mechanically teased apart in ice-cold BIOPS (2.77mM 

CaK2EGTA, 7.23mM K2EGTA, 7.55mM Na2ATP, 6.56mM MgCl2⋅6H2O, 20mM taurine, 

15mM Na2 phosphocreatine, 20mM imidazole, 0.5mM DTT, 50 mM 2-(N-

morpholino)ethanesulfonic acid hydrate, and pH 7.1), and permeabilized in BIOPS containing 

40µg/µl saponin at 4° C for 30 mins and washed twice with Buffer Z (105mM K-2-(N-

morpholino)ethanesulfonic acid, 30mM KCl, 10mM KH2PO4, 5mM MgCl2⋅6H2O, 1mM EGTA, 

5 mg/ml bovine serum albumin, and pH 7.4). In the chamber, fibers were incubated with 

oxygenated Buffer Z supplemented with 10µM Amplex-Red(A36006, ThermoFisher) to 

measure ROS emission, 1µM Blebbistatin (B592500, Toronto Research Chemicals) to prevent 

tetanus of fiber and 25 U/ml Cu/Zn SOD1 to convert O2− to H2O2 and 2mM EGTA. Substrates 

were subsequently titrated in the following order: pyruvate-malate to assess complex I 

supported respiration, ADP to assess complex I active respiration, and succinate to assess 

complex I+II active respiration.  
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Protein extracts and immunoblotting. The distal portion of the TA was lysed in Sakamoto buffer 

(20mM Hepes, 2mM EGTA, 1% Triton X-100, 10% glycerol, 50mM β-glycerophosphate, 1mM  

PMSF, 1mM DTT) supplemented with phosphatase and protease inhibitors (11-697-498-001, 

Roche; P0044, Sigma; P5726, Sigma) using the Qiagen TissueLyser II and centrifuged at 12,000 

xg for 10 min. Supernates were collected and protein concentration was measured using the 

Bradford method. Whole cell protein extracts or mitochondrial fractions (20µg) were applied to 

a 10-18% SDS-PAGE gels and subsequently transferred onto a nitrocellulose membrane. 

Membranes were blocked in 5% skim milk in TBS-T (100mM TRIS, 100mM NaCl, 0.1% 

Tween 20) for 1 hr at room temperature with constant agitation. Primary antibodies were diluted 

in 5% skim milk in TBS-T and incubated overnight at 4°C and then horseradish-peroxidase 

(HRP)-linked secondary antibodies were applied the following day for 1 hr at room temperature 

(See Table 1 for a list of antibodies). Blots were then imaged using ECL (1705061, BioRad) 

and iBright imager (iBright 1500, Invitrogen).  

RNA extracts and qPCR. The frozen proximal portion of the TA was used to isolate total RNA 

using the Qiagen TissueLyser II and TriZOL (15596018, Ambion) according to manufacturer’s 

instructions. Total RNA (2µg) was then reverse transcribed to generate cDNA using Superscript 

III reverse transcriptase and Oligo(dt)20 (18080-044, 18418020, Invitrogen). qPCR was carried 

out using the StepONE Plus PCR system (Applied Biosystems) and Sybr Green Master Mix 

(B21202, Bimake). Primers were designed, optimized to ensure efficiency and verified for 

specificity with dissociation melt curves. Each sample and primer were run in duplicate with a 

negative control and normalized to two housekeeping genes, ActB, and B2MG, (see Table 2 for 

primer sequences). Data were analyzed using the 2-∆∆Ct method, and statistical analysis was 

performed on the unlogged ∆Ct values using a two-way ANOVA with Bonferroni post-hoc tests.  
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Statistical Analyses. Data presented are means ± SEM and statistical analyses were performed 

using Prism 9 (GraphPad Software). Three-way ANOVAs were conducted with repeated 

measures and Boneferroni post-hoc tests. Two-way ANOVAs were conducted to assess the 

response to denervation between genotypes and sex. P values less than 0.05 were accepted as 

significant.  

Results 

Females are protected from denervation-induced atrophy, as are male mice lacking TFE3. 

Phenotypically, TFE3 KO animals are not different from wildtype animals evidenced by similar 

body weights, and females of both genotypes were about 20% smaller than their male 

counterparts (Fig. 1A). Similarly, females had smaller TA and gastrocnemius muscle masses 

irrespective of genotype (Fig. 1B, 1C). However, a modest 8% reduction in gastrocnemius mass 

was observed in TFE3 KO males in comparison to WT males, while no differences were seen 

in the females (Fig. 1C). This male-specific reduction was also observed when all hindlimb 

muscle weights were pooled (Fig. 1D). As body weight did not differ between the genotypes, 

this decrease in muscle mass observed in the males is likely countered by an increase in 

adiposity, as reported previously197. Notably, our data suggest that females lacking TFE3 do not 

share this phenotype, as muscle mass and body weight did not differ (Fig. 1A-D). Therefore, 

this indicates that TFE3 is involved in the maintenance of skeletal muscle mass basally in a sex-

dependent manner. 

 Following 7 days of denervation, significant muscle atrophy occurred across individual 

muscle groups (Fig. S1) and this was further exemplified when the sum of the hindlimb muscles 

was calculated (Fig. 1D).  Interestingly, WT females appear to be mildly protected against 

denervation-induced atrophy as these animals lost about 22mg of muscle in comparison to WT  
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males that lost about 34mg (Fig. 1D, 1E). Considering the sex-dependent differences in starting 

muscle mass, this represented a decline of 15% for the males, but only 12% for the females (Fig. 

1F). The absence of TFE3 was also associated with a modest protective effect, as KO males lost 

on average 25mg of muscle mass, which equates to an 11% loss (Fig. 1D-1F). However, the 

protective effect observed in the WT females appeared to be lost in the absence of TFE3 as 

these animals lost 19mg of muscle, or 15%, comparable to WT males (Fig. 1D-1F). These data 

suggest that TFE3 has a dimorphic role in the muscle atrophy phenotype following denervation.  
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Fig. 1 Females are protected from denervation-induced atrophy, as are mice lacking TFE3. 
Body weights of WT and TFE3 KO animals stratified by sex (A). TA (B) and gastrocnemius 
(C) muscle weights basally (n=16). Sum of hindlimb muscle weights, including TA, 
gastrocnemius, and soleus, in WT and KO animals stratified by sex between control and 
denervated limbs within the same animal (D). Absolute hindlimb muscle mass lost following 
7 days of denervation (E) and expressed as a percentage of control (F; n=8). S, denotes a 
main effect of sex; D, indicates a main effect of denervation; GxS, represents an interaction 
between genotype and sex; *, p<0.05; **, p<0.01; ****, p<0.0001.  
 



 101 

Sex-dependent response in mitochondrial content and function to denervation. No significant 

differences in COX activity were observed between WT males and females, however the 

absence of TFE3 resulted in a 20% decline (Fig. 2A), indicating that mitochondrial content is 

in part maintained by TFE3 basally. Using high-resolution respirometry in permeabilized 

muscle fibers, increased oxygen consumption across all respiratory states (Fig. 2B), was 

observed in females in comparison to males, irrespective of genotype. Intriguingly, in the 

absence of TFE3 in females, reduced complex I active and complex I+II active respiration (20% 

and 27% lower respectively) was observed in comparison to WT females (Fig. 2B).  ROS 

emission was lower in WT females compared to males across all respiratory states (Fig. 2C), 

supporting previous work218,220. In the absence of TFE3, ROS emission across all respiratory 

states was reduced in males in comparison to WT males (Fig. 2C), however this was not 

observed in females, further indicating that TFE3 exerts a differential effect on mitochondrial 

function in males and females (Fig. 2C).  

 COX enzyme activity was significantly reduced following chronic denervation in male 

animals of both genotypes by 45% in WT, but only by 27% in KO animals (Fig. 2D, S1). Quite 

surprisingly, COX activity was maintained in both WT and KO females (Fig. 2D, S1), indicating 

that females are protected against denervation-induced declines in mitochondrial content (Fig. 

2D). Complex I-supported respiration was significantly reduced across all conditions following 

7 days of denervation, although this decrement was not observed during active respiratory states 

(Fig. 2E, S1). Increased ROS emission was observed across all conditions and during both 

inactive and active respiratory states (Fig. 2F, S1). However, it should be noted that despite 

having the highest ROS production basally, WT males showed the least induction of ROS 

following chronic denervation. This was especially evident during complex I basal and active  
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respiratory states. In contrast, WT females exhibited much more pronounced 2-4-fold elevations 

in ROS as a result of denervation.  While the absence of TFE3 did not further increase these 

levels of ROS in females, TFE3 ablation led to marked 3-5- fold increases in ROS emission in 

male mice.  Taken together, these data suggest that males are partially spared from denervation-

induced mitochondrial dysfunction, but that this protection is dependent on the presence of 

TFE3. 

 Mitochondrial markers citrate synthase, COX IV and VDAC protein content were lower 

in females in comparison to males under basal conditions, however this sex difference was 

largely not observed in the absence of TFE3 (Fig. 2H, 2L, 2N) suggesting that TFE3 normally 

contributes to sex differences in the expression of mitochondrial proteins. Following chronic 

denervation, COX I was reduced in WT males by 20% and by 40% in KO males (Fig. 2J, 2K). 

In line with the COX activity data (Fig. 2D), COX I expression was actually increased 2-fold in 

WT females and did not change in KO females (Fig. 2J) supporting a sex-dependent response 

to denervation. A similar trend was observed for COX IV, whereby males tended to display a 

Fig. 2 Sex-dependent response in mitochondrial content and function to denervation. 
Cytochrome c oxidase (COX) activity assessed as a measure of mitochondrial content 
basally (A). Oxygen consumption measured in permeabilized muscle fibers under complex 
I, complex I active and complex I+II active respiratory states (B), and the corresponding 
ROS emission (C). COX activity following denervation, expressed as a fold over the 
contralateral control limb (D). Oxygen consumption rates following 7 days of denervation 
(E) and corresponding ROS emission (F) expressed relative to intra-animal control. 
Representative western blot for mitochondrial markers (G). Quantification of Citrate 
synthase (H), COX I (J), COX IV (L), VDAC (N) following denervation. Effect of 7 days 
of denervation on citrate synthase (I), COX I (K), COX IV (M), and VDAC (O) expressed 
as a fold change. G, represents a main effect of genotype; S, denotes a main effect of sex; 
D, indicates a main effect of denervation; GxS, represents an interaction between genotype 
and sex; DxS, indicates an interaction effect between denervation and sex *, p<0.05; **, 
p<0.01; ***, p<0.001.  
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decrease, but WT females exhibited a modest increase while KO females showed no change in 

COX IV levels (Fig. 2L, 2M).  

mRNA expression of TFEB along with lysosomal and autophagy markers in the presence and 

absence of TFE3. Tfeb mRNA was 54% higher in WT females in comparison to WT males, and 

in the absence of TFE3, Tfeb mRNA was elevated in males by 52% compared to WT animals 

(Fig. 3A). However, no difference between the sexes were observed in the absence of TFE3 

indicating a sexually divergent response. No differences were observed in the mRNA levels of 

lysosomal markers, including Ctsb, Ctsd, Mcoln1, Lamp1 and Lamp2 in the absence of TFE3 

basally (Fig. 3B). Furthermore, a similar finding was observed in the mRNA of autophagy-

related genes, Beclin1, Map1lc3b, p62 and Park2 (Fig. 3C). Intriguingly, despite the increased 

TFEB mRNA observed in WT females, a main effect of sex was observed in a number of targets 

including Ctsb, Lamp1, Beclin1, p62, and Park2, which were all reduced in comparison to their 

male counterparts (Fig. 3A-C). 

Females have higher lysosomal content and mitophagy flux basally and exhibit early changes 

in lysosomes following denervation. Lysosomal protein content was assessed basally and 

following 1 day of denervation (Fig. 4A, S4). Standards were used to make comparisons 

between males and females, visible in the expanded images (Fig. S4). Basally, an increase in a 

variety of lysosomal markers was observed in females. The lysosomal regulator TFEB was 

significantly higher in females compared to males irrespective of genotype (Fig. 4B).  It is 

possible that this increased TFEB expression supported the 2.5-3-fold increase in the lysosomal 

proteins Cathepsin D (Mature form; Fig. 4F) and v-ATPase (Fig. 4E) in females. No evidence 

of compensatory TFEB protein expression was found in either males or females in the absence 

of TFE3.  In addition, transcription family member TFE3 did not show any sex-dependent  
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differences in WT mice (Fig. 4C).  The mitophagy E3 ubiquitin ligase Parkin was 66% higher 

in females in comparison to male counterparts basally (Fig. 4D). It appears that TFEB, and 

likely other MiT family members, are sufficient to maintain lysosomes as the loss of TFE3 did 

not impact lysosomal markers basally.  Interestingly, the ratio of mature/total Cathepsin D, 

which is used as one indicator of lysosomal function, was not different between sexes, genotype 

or following acute denervation (Fig. 4G). Furthermore, 1 day of denervation did not appear to 

have a widespread effect as no changes were observed in TFE3, Parkin or v-ATPase protein  
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Fig. 4
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levels. However, females appear to be more responsive to acute denervation as TFEB 

expression increased 3-fold in WT females and 2-fold in KO females, while no changes were 

observed in males of both genotypes (Fig. 4B). Similarly, although Cathepsin D expression 

increased following acute denervation, the greatest induction was observed in females of both 

genotypes (Fig. 4F).  

 A subset of animals was treated with colchicine 3 days prior to tissue collection to fully 

capture the dynamic nature of autophagy and mitophagy (Fig. 4L). In line with the increased 

lysosomal content and Parkin expression observed basally in females, LC3-II mitophagy flux 

was 40% higher in WT females in comparison to their male littermates under control conditions 

(Fig. 4H). Following 1 day of denervation, only WT females reduced their LC3-II mitophagy 

flux by 44%, while all other groups showed no change (Fig. 4H, 4J). This was also seen in p62-

mitophagy flux as females decreased p62 mitophagy flux by 25%. This sex-dependent response 

was largely absent in the TFE3 KO mice (Fig. 4I; 4K). Unexpectedly, an increase in both LC3-

II and p62 basal mitophagy flux was observed in both males and females in the absence of TFE3, 

which remained mostly unchanged following acute denervation (Fig. 4H, 4I). Autophagy flux  

Fig. 4 Females have higher lysosomal content and mitophagy flux basally and exhibit early 
changes in lysosomes following denervation. Representative blots of lysosomal markers 
following 24 hr of denervation (A). Quantification of TFEB (B), TFE3 (C), Parkin (D), v-
ATPase (E), and mature Cathepsin D (F) following denervation in both sexes of WT and KO 
animals. Quantification of the ratio of mature to total Cathepsin D (G), an indication of 
lysosomal status. A subset of animals were treated with colchicine to assess mitophagy flux. 
LC3-II (H) and p62 (I) mitophagic flux was calculated by taking the difference between 
colchicine- and vehicle-treated conditions. The fold change in LC3-II (J) and p62 mitophagy 
flux (K) following acute denervation. Representative blots for LC3-II and P62 in 
mitochondrial fractions. G, represents a main effect of genotype; S, denotes a main effect of 
sex; D, indicates a main effect of denervation; GxS, represents an interaction between 
genotype and sex; DxS, indicates an interaction effect between denervation and sex; DxGxS, 
denotes an interaction effect between denervation, genotype and sex; *, p<0.05; **, p<0.01; 
***, p<0.001; ****, p<0.0001. 
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was also assessed in whole muscle lysates (Fig. S2). In line with the mitophagy results, a 

surprising increase in autophagy flux was observed in the absence of TFE3 (Fig. S2). Declines 

in LC3-II and p62 autophagy flux were seen in WT animals irrespective of sex following 

denervation.  However, the absence of TFE3 altered this denervation-induced response, 

especially in males where no reduction was observed (Fig. S2, A-C). Thus, female animals 

maintain a higher lysosomal content basally to support greater flux independent of TFE3. 

However, following acute denervation females exhibit an inhibition of mitophagy in order to 

preserve mitochondria, and this response is reliant on TFE3.  

Females exhibit a profound autophagic and mitophagic response to chronic denervation, and 

this is blunted in the absence of TFE3. The upstream autophagy regulator ATG7 was increased 

by 1.9-fold in WT animals following 7 days of denervation, however this was blunted in the 

absence of TFE3 (Fig. 5B, 5C). In contrast, the autophagy regulator Beclin1 was increased by 

2-fold, irrespective of TFE3 expression (Fig. 5D, 5E). In line with the previous findings, Parkin 

protein content was twice as high in females in comparison to males and was further increased  

Fig. 5 Females exhibit a profound autophagic and mitophagic response to denervation, and 
this is blunted in the absence of TFE3. Representative blots for autophagy- and mitophagy-
related markers following 7 days of denervation (A). Quantification for ATG7 (B), Beclin1 
(D), Parkin (F), TFEB (H), and TFE3 (J) protein content following 7 days of denervation. 
Effect of 7 days of denervation on ATG7 (C), Beclin1 (E), Parkin (G), TFEB (I) and TFE3 
(K) expressed as a fold change. Representative blots of mitophagy flux following 7 days of 
denervation. Quantification of LC3-II (L) and p62 (N) mitophagy flux, taken as the 
difference between colchicine- and vehicle-treated conditions. Effect of denervation on 
mitophagy flux was summarized as a fold change of denervated over control conditions (M, 
O). G, represents a main effect of genotype; S, denotes a main effect of sex; D, indicates a 
main effect of denervation; GxS, represents an interaction between genotype and sex; DxS, 
indicates an interaction effect between denervation and sex; DxG, interaction effect 
between denervation and genotype; DxGxS, denotes an interaction effect between 
denervation, genotype and sex; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Fig. 6 Increases in lysosomal markers in females following denervation are partially 
dependent on TFE3. Representative blots of lysosomal markers following 7 days of 
denervation (A). Quantification of mature Cathepsin D (B), mature Cathepsin B (C), 
Cathepsin B ratio (D), LAMP1 (F), v-ATPase (H), and and MCOLN1 (J) following 
denervation in both sexes of WT and KO animals. Effect of 7 days of denervation on 
Cathepsin D ratio (E), LAMP1 (G), v-ATPase (I), and MCOLN1 (K) expressed as a fold 
change. S, denotes a main effect of sex; D, indicates a main effect of denervation; GxS, 
represents an interaction between genotype and sex; *, p<0.05; **, p<0.01; ***, p<0.001; 
****, p<0.0001. 
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by chronic denervation (Fig. 5F, 5G). TFEB protein content was also 3-fold higher in females 

basally (Fig. 5H). Denervation increased TFEB expression further by 2.8-fold in WT females. 

This large increase was significantly blunted in KO females (1.8-fold; Fig. 5H, 5I). Similarly, 

TFE3 was also induced by chronic denervation in WT mice, but in contrast to TFEB, no sex 

differences were observed (Fig. 5J).  

 Mitophagy flux was assessed and in accordance with the acute findings, higher LC3-II 

and p62 flux was observed basally in females and in TFE3 KO animals (Fig. 5L, 5N). 

Furthermore, a sex-dependent response to denervation was noted as WT females decreased both 

their LC3-II and p62 mitophagy flux, whereas this was less evident in WT males following 

denervation (Fig. 5L-O). Intriguingly, in the absence of TFE3, males increased both LC3-II and 

p62 mitophagy flux following chronic denervation, illustrating a divergent response in 

comparison to WT males. The reduction in mitophagy flux in WT females was attenuated by 

the absence of TFE3. Taken together, WT females exhibit a reduced mitophagic response 

following denervation that is presumably supporting the maintenance of mitochondrial content. 

This is likely reflective of an accumulation of dysfunctional mitochondria, as supported by the 

exacerbated ROS emission, rather than a beneficial adaptation. Thus, females demonstrate a 

preference towards mitochondrial preservation at the expense of function, however this 

inhibition of mitophagy is not as great in females lacking TFE3, potentially indicating an 

impaired ability to mount a sex-appropriate response in the absence of the transcription factor. 

In KO males, despite the increase in mitophagy flux, it is clear that this is insufficient clearance, 

as there remains evidence of mitochondrial dysfunction.  

Increases in lysosomal markers in females following denervation are partially dependent on 

TFE3. In contrast to the protein data, females exhibited lower levels of p62 and Park2 mRNA 
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under basal conditions (Fig. S3). Following 7 days of denervation, the expression of autophagy 

and mitophagy markers Beclin1, p62, Map1lc3b, Park2 mRNA was significantly increased 

across all conditions, independent of TFE3 (Fig. S3). Ctsb, Ctsd and Lamp2 mRNA were also 

significantly increased across all conditions independent of TFE3 (Fig. S3). Basally, sex 

differences were observed for mature Cathepsin D, LAMP1 and v-ATPase protein expression, 

as females had 2- (Fig. 6B), 1.5- (Fig. 6F), and 1.8-fold higher protein expression, respectively. 

Chronic denervation resulted in a massive induction of lysosomal proteins, as Cathepsin B, 

Cathepsin D, MCOLN1, LAMP1 and v-ATPase were all upregulated independent of genotype 

or sex (Fig. 6A).  However, following denervation only females exhibited a 50% increase in the 

ratio of mature/total Cathepsin B, which serves as an indication of lysosomal function (Fig. 6E), 

while a more modest increase was observed in females lacking TFE3 (Fig. 6E). Furthermore, 

while v-ATPase increased across all conditions by 2.8-3.4-fold following denervation, female 

KO mice exhibited a blunted response as v-ATPase was only increased by 1.7-fold (Fig. 6H, 

6I). A similar trend was observed for MCOLN1, as its content increased by 100% in WT 

females, but only a 20% induction was observed in KO females (Fig. 6J, 6K). Interestingly, WT 

males showed a modest 30% increase, but KO males exhibited a similar doubling effect as 

females (Fig. 6J, 6K). Thus, it appears that the loss of TFE3 has a greater impact on the 

lysosomal adaptations to chronic denervation in females, compared to males.  

Discussion 

Prolonged periods of physical inactivity have severe ramifications for skeletal muscle 

mass and function. A common feature that has widely been overlooked until very recently is 

the impact of sex on muscle atrophy. The purpose of the present study was to explore disuse-

induced muscle atrophy between the sexes with a focus on the adaptive roles of lysosomes and 
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mitochondria. As lysosomes are a major degradative site within the cell, we aimed to better 

understand the importance of these organelles by genetically deleting a lysosomal regulator, 

TFE3. Importantly, this transcription factor resides on the X chromosome and thus we 

speculated that it would be a good candidate to investigate sexual dimorphisms.  

Basal sex-dependent phenotypes. 

Females exhibited greater mitochondrial function, characterized by increased oxygen 

consumption and reduced ROS emission compared to males under basal conditions. Our data 

also indicate that females have higher basal autophagy and mitophagy flux facilitated by an 

increased lysosomal content, compared to males. We speculate that this elevated mitochondrial 

turnover likely contributes to the greater mitochondrial function and decreased ROS emission 

in young female mouse muscle.  Also contributing to this reduced oxidative stress may be the 

antioxidant properties of estrogen146,147,152,S19, and its ability to imbed into mitochondrial 

membranes improving the integrity and leading to reduced H2O2 emission152.   

TFE3 has been implicated in autophagy and lysosomal regulation since studies have 

found that the loss of TFE3 negatively impacts lysosomes under stress conditions169,S15. Our 

results indicate that the lack of TFE3 exerts a subtle metabolic phenotype, as mitochondrial 

content was reduced in both males and females. Intriguingly a reduction in mitochondrial 

function was observed in females, but not in males. This indicates that mitochondrial function 

is regulated in part through TFE3 in a sex-dependent manner. Furthermore, as no differences 

were observed in lysosomal proteins basally in the absence of TFE3, this cannot be attributed 

to previously described roles of TFE3 in determining lysosomal content. Moreover, despite the 

marked increase in Tfeb mRNA in TFE3 KO animals, we did not observe any compensation in 

TFEB at the protein level. This indicates that basal levels of TFEB, along with the possible  



 114 

 

Fig. 7 Summary of findings. 

BASAL

WT KO

MUSCLE MASS M>F M>F
↓M N/C F

MITOCHONDRIAL 
CONTENT M<F

M=F
↓M ↓F

Overall decrease

MITOCHONDRIAL 
FUNCTION M<F M=F

Resp ↓ F 

MITOPHAGY M<F
M=F

↑M      N/C or ↑ F
Overall increase

LYSOSOMAL CONTENT M<F M<F
N/A M N/A F

Conclusions: TFE3 regulates muscle mass basally in males.
Loss of TFE3 reduces mitochondrial content irrespective of sex.
Sexual dimorphism of mitochondrial function is reliant on TFE3.

Loss of TFE3 increases mitophagy flux, surprisingly.
Lysosomal content is not dependent on TFE3 basally.

DENERVATION

WT KO

LOSS OF MUSCLE 
MASS M>F M<F

LOSS OF 
MITOCHONDRIAL 

CONTENT
M>F M>F

Overall protection

MITOCHONDRIAL 
DYSFUNCTION M<F M>F

Similar response as WT F

MITOPHAGY M>F
N/C M ↓ F  

M>F
↑M ↑ F

INDUCTION OF 
LYSOSOMES M<F M>F

N/A M ↓ F

Conclusions: Females preserve muscle mass following denervation, loss of TFE3 
reverses this dimorphism.

Females preserve mitochondrial content at the expense of function by reducing 
mitophagy, loss of TFE3 makes the response to denervation similar to WT females.

Lysosomal induction in females is dependent on TFE3, but not in males.

Fig. 7
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contribution of other factors such as MITF or FOXO169,170,376,S20, are sufficient to maintain 

lysosomal content basally. Further, contrary to our initial hypothesis, an increase in mitophagy 

flux was observed in the absence of TFE3 irrespective of sex. This increased turnover 

potentially supports the reduced mitochondrial content observed in these animals. These data 

indicate that TFE3 participates in the maintenance of mitochondria in a sex-dependent manner. 

Sex-dependent denervation-induced phenotypes 

Our data verify that female mice have significantly less muscle mass in comparison to 

male counterparts. However, females exhibited a protective effect following 7 days of 

denervation, as they lost less muscle in comparison to males. This was surprising as recent work 

showed no differences between males and females in muscle atrophy following 7 days of 

hindlimb-unloading in mice353. It is likely that the differences can be attributed to the severity 

of the model, as denervation generally produces losses in muscle mass that are observed with 

longer periods of hindlimb unloadingS1. In line with this hypothesis, female rats subjected to 14 

days of hindlimb unloading experienced a preservation of muscle mass and function in 

comparison to males426. The mechanisms involved may be related to effects of estrogen, since  

estrogen administration in male rats has been shown to protect against atrophy following 10 

days of immobilization422.  

As has been described in numerous accounts, prolonged denervation leads to 

mitochondrial dysfunction and declines in mitochondrial content333,334,409,411,457,S21. Here we 

show that this response is also sexually dimorphic, such that males lose mitochondrial content 

while females do not. However, it appears that females are preserving mitochondria at the cost 

of function, as females exhibited a greater induction of ROS emission with denervation. This is 

in line with previous findings that have also observed a greater elevation in ROS emission in 
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females following hindlimb unloading219,220. Females reduce their mitophagy flux in response 

to denervation thereby maintaining mitochondrial content, but at the expense of increased 

dysfunction. Interestingly, females exhibited a greater induction of ATG7, Parkin and TFEB, 

indicating that this preference to preserve mitochondria is not due to a lack of lysosomes or 

autophagy machinery. Thus, these data indicate that males and females have different priorities 

during atrophy conditions, but it remains unclear what drives this dimorphism, and which 

strategy is beneficial in the long run.  

We initially hypothesized that in atrophic conditions autophagy and lysosomes would 

be dysregulated in the absence of TFE3, thereby exacerbating the disuse-induced phenotype. 

This would be in line with previous reports that have shown that the inhibition of autophagy 

induces muscle atrophyS22 and can exacerbate muscle wasting384,386. Surprisingly, muscle mass 

was spared following denervation in the absence of TFE3, an effect that was only observed in 

males, not females. Further, mitochondrial content was preserved in the absence of TFE3 in 

females, but similar to their WT counterparts this was accompanied by increased mitochondrial 

dysfunction. In response to denervation, mitophagy flux did not decline in the absence of TFE3, 

leading to the maintenance or increase in mitochondrial content markers with denervation. Thus, 

our data suggest that TFE3 is playing a sex-dependent role, as the decrease in mitophagy flux 

observed in WT females was lost in the absence of TFE3.  

The induction of autophagy and lysosomal proteins that typically accompany chronic 

denervation in WT animals was attenuated in the absence of TFE3 in females. This was matched 

by a marked reduction in TFEB expression in female mice following chronic denervation, and 

a similar phenomenon was observed in a subset of lysosomal markers including v-ATPase and 

MCOLN1, both of which are integral to maintenance of lysosomal function186,458,S23. However, 
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while the denervation-induced expression of these lysosomal markers was not as great in males, 

the absence of TFE3 had no impact. Moreover, the denervation-induced elevation in ATG7 and 

Parkin were severely blunted in females lacking TFE3. Thus, our data suggest that TFE3 is 

dispensable basally, as well as in mediating denervation-induced increases in lysosomal and 

autophagy-related proteins in males. However, TFE3 appears to be more critical in the chronic 

denervation-induced lysosomal and autophagy responses in females, indicating a sexually 

dimorphic function of TFE3 in response to denervation-induced muscle atrophy.  

Overall conclusion 

Our findings contribute significantly to the emerging literature supporting a sexually 

dimorphic response of muscle to disuse conditions, as well as an important function for TFE3 

in determining this divergent response.  Females have a tendency to preserve muscle mass and 

mitochondria, perhaps at the expense of function by reducing mitochondrial clearance through 

mitophagy. This is not due to a limitation on lysosomes or autophagy machinery, as females 

exhibit an increased expression of lysosomal and autophagy proteins. On the other hand, males 

preferentially maintain mitochondrial function at the expense of content by maintaining high 

levels of mitophagy during denervation to help clear dysfunctional organelles. Autophagy and 

mitochondrial maintenance are key regulators of muscle mass, as the inhibition of autophagy 

leads to an accumulation of dysfunctional mitochondria that exert cytotoxic effects and promote 

nuclear decay207,384,386,S22,S24, thereby exacerbating atrophy. It appears that despite having the 

lysosomal and autophagic capacity, females do not rely on these mechanisms to preserve muscle 

mass following 7 days of denervation since a decrease in mitophagy actually spared muscle 

mass in females while contributing to an accumulation of dysfunctional organelles. Our data 

underscore the value of further exploring the molecular underpinnings that regulate how males 
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and females respond to chronic muscle disuse such as denervation, and solidify the need to 

develop sex-specific strategies to combat muscle atrophy.  
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Table 1: List of antibodies used for western blotting 

Protein Concentration Company Catalogue Number 

ATG7 
 

1:1000 Sigma-Aldrich A2856 

Beclin1 1:1000 Cell Signaling Technology 3738S 

Citrate Synthase 1:1000 Abcam AB96600 

COX I 1:500 Abcam AB14705 

COX IV 1:500 Abcam AB14744 

Cathepsin B 1:1000 Cell Signaling Technology 31718S 

Cathepsin D 1:1000 Santa Cruz Biotechnology SC-377299 

Lamp1 1:1000 Abcam AB24170 

LC3 1:500 Cell Signaling Technology 4108S 

MCOLN1 1:1000 Invitrogen PA1-46474 

P62 1:1000 Cell Signaling Technology 5114S 

Parkin 1:1000 Cell Signaling Technology 4211S 

TFEB 1:500 MyBioSource MBS120432 

TFE3 1:500 Sigma-Aldrich HPA023881 

UQCRC2 1:500 Abcam AB14734 

v-ATPase 1:1000 Santa Cruz Biotechnology SC-55544 

VDAC 1:1000 Abcam Ab14734 

HRP-linked Anti-
mouse 

As per manufacturer’s 
suggestions 

Cell Signaling Technology 7074S 

HRP-linked Anti-
rabbit 

As per manufacturer’s 
suggestions 

Cell Signaling Technology 7076S 
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Table 2: List of primer oligonucleotide sequences in real-time qPCR analysis for Mus musculus 

Gene Forward Primer Reverse Primer 

Tfeb 5'-AGCTCCAACCCGAGAAAGAGTTTG-3' 5'-CGTTCAGGTGGCTGCTAGAC-3' 

Sqstm1 5'-TGTGGTGGGAACTCGCTATAA-3' 5'-CAGCGGCTATGAGAGAAGCTAT-3' 

Map1lc3b 5'-GCTTGCAGCTCAATGCTAAC-3' 5'-CCTGCGAGGCATAAACCATGTA-3' 

Beclin1 5'-AGGCTGAGGCGGAGAGATT-3' 5'-TCCACACTCTTGAGTTCGTCAT-3' 

Park2 5'-GTCTGCAATTTGGTTTGGAGTA-3' 5'-GCATCATGGGATTGTCTCTTAAA-3' 

Ctsb 5'-GAAGAAGCTGTGTGGCACTG-3' 5'-GTTCGGTCAGAAATGGCTTC-3' 

Ctsd 5'-TTTGCCAATGCTGTCGTACT-3' 5'-AGCGAGTGTGACTATGTGTGA-3' 

Lamp1 5'-CTAGTGGGAGTTGCGGTATCA-3' 5'-AGGGCATCAGGAAGAGTCATAT-3' 

Lamp2 5'-GCTGAACAACAGCCAAATTA-3' 5'-CTGAGCCATTAGCCAAATACAT-3' 

Mcoln1 5'-TTGCAGCCTACACACAGGAG-3' 5'-AGAGAGCCAAAGCTGATCCA-3' 

Gapdh 5'-AACACTGAGCATCTCCCTCA-3' 5'-GTGGGTGCAGCGAACTTTAT-3' 

Actb 5'-TGTGACGTTGACATCCGTAA-3' 5'-GCTAGGAGCCAGAGCAGTAA-3' 
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Supplemental Fig. 1 Expanded muscle weights, COX activity and mitochondrial function data. 
Basal differences in hindlimb muscle weights between males and females of WT and KO 
animals (A). Expanded TA (B) and gastrocnemius (C) weights following 7 days of denervation. 
Full graphical representation of cytochrome c oxidase (COX) activity following 7 days of 
denervation. Full graphical representation of oxygen consumption under complex I (E), 
complex I active (F) and complex I+II active (G) respiratory states following 7 days of 
denervation. Corresponding ROS emission under those states (H-J). G, represents a main effect 
of genotype; S, denotes a main effect of sex; D, indicates a main effect of denervation; GxS, 
represents an interaction between genotype and sex; DxG, interaction effect between 
denervation and genotype; DxGxS, denotes an interaction effect between denervation, genotype 
and sex; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Supplemental Fig. 2 Autophagic response to denervation, acute and chronic. Representative 
blots of autophagy flux following 24 hr of denervation (A). Quantification of acute LC3-II (B) 
and p62 (C) autophagy flux, taken as the difference between colchicine- and vehicle-treated 
conditions. Quantification of LC3-II (D) and p62 (E) autophagy flux following 7 days of 
denervation, taken as the difference between colchicine- and vehicle-treated conditions. 
Representative blots of autophagy flux following 7 days of denervation (F). G, represents a 
main effect of genotype; S, denotes a main effect of sex; D, indicates a main effect of 
denervation; DxS, represents an interaction between denervation and sex; GxS, interaction 
effect between genotype and sex; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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Supplemental Fig. 3 Lysosomal gene expression following chronic denervation. mRNA 
expression of Beclin1 (A), p62 (B), Map1lc3b (C), Park2 (D), Ctsb (E), Ctsd (F), Mcoln1 (G), 
Lamp1 (H), and Lamp2 (I) following 7 days of denervation normalized to Gapdh and ActB.  G, 
represents a main effect of genotype; S, denotes a main effect of sex; D, indicates a main effect 
of denervation; DxG, represents an interaction between denervation and genotype; GxS, 
interaction effect between genotype and sex; *, p<0.05; **, p<0.01; ****, p<0.0001. 
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CHAPTER SIX: 

SUMMARY & CONCLUSIONS  

 

 Skeletal muscle is a highly plastic tissue that can adapt to meet metabolic needs and 

demands imposed on it. The dynamic nature of skeletal muscle can be both positive and 

negative, as this allows stimuli such as exercise training to improve muscle performance and 

metabolism, but also allows negative stimuli such as disuse and aging to have severe 

consequences on muscle mass, function and metabolism. While the mechanisms that underlie 

the dynamic nature of muscle are multi-faceted, mitochondria are central to the maintenance 

and adaptability of skeletal muscle, as they too exhibit a high level of plasticity.  

 As a highly metabolic tissue, skeletal muscle relies heavily on mitochondria as the major 

production site of ATP through oxidative phosphorylation. However, mitochondria also 

participate in cellular signaling, oxidative stress, Ca2+ handling, and can initiate cell death or 

apoptosis. Thus, the maintenance of an optimal pool of mitochondria is essential for the overall 

health of skeletal muscle. Mitochondrial content and function are regulated through a collection 

of processes that support synthesis, proteostasis, and turnover. Through mitophagy, 

dysfunctional mitochondria are selectively recycled via the lysosomes. While reducing 

mitochondrial content is often considered a negative event, mitophagy is a pro-survival 

mechanism that helps optimize the reticulum and supports other cellular processes such as 

protein synthesis by supplying basic building blocks, like amino acids. As the degradative site 

for mitophagy, lysosomes are then inherently linked to mitochondrial maintenance, and recent 
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work suggests a high level of communication between the two organelles111,265,267. Appreciating 

the fact that both a single bout of exercise and acute periods of disuse can stimulate mitophagy 

and promote lysosomal biogenesis, but ultimately culminate in opposing phenotypes 

emphasizes the need to understand how lysosomes adapt and are maintained.   

 The microphthalmia (MiT) family of transcription factors, namely TFEB and TFE3, are 

key regulators of lysosomal biogenesis and autophagy6. These transcription factors are highly 

sensitive and responsive to cellular stresses including nutrient deprivation, oxidative stress, and 

energetic demands167,169,189,190. The overarching objective of this dissertation was to further 

characterize the role of these transcription factors in mediating lysosomal adaptations and the 

mitophagic responses to exercise and disuse and the resulting mitochondrial phenotype.  

 

OBJECTIVE 1: Based on previous findings from our lab, it is clear that both mitochondria and 

lysosomes adapt to exercise training, and intriguingly lysosomal adaptations precede 

mitochondrial alterations326. Our first objective was to evaluate the involvement of the master 

regulators of lysosomal biogenesis, TFEB and TFE3, in mitochondrial and lysosomal 

adaptations to contractile activity.  

Hypotheses:  

1. Lysosomes will adapt to chronic contractile activity (CCA) both quantitatively and 

qualitatively. As redundant roles have been described for TFEB and TFE3, exercise-induced 

lysosomal adaptations will occur independent of either transcription factor; 

2. Based on the literature, we hypothesize that mitochondrial impairments will be present in the 

absence of TFEB or TFE3, but CCA will rescue this defect; 
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3. In the absence of both TFEB and TFE3, exercise-induced mitochondrial and lysosomal 

adaptations will be abrogated due to declines in mitophagy flux.  

Using an in vitro model of exercise, chronic contractile activity (CCA), we first 

recapitulated previous findings that an acute bout stimulates mitophagy flux and following 

repeated bouts, turnover is reduced240,316. This is likely due to the CCA-induced improvements 

in mitochondrial content and function that were observed after repeated bouts. The absence of 

TFEB or TFE3 alone did not impair mitophagy flux basally, which is in line with previous 

findings that have shown no changes in autophagy flux in the absence of TFEB or TFE3. 

Notably, this is the first study in which mitophagy flux was specifically assessed in the absence 

of these transcription factors in skeletal muscle. However, the absence of TFEB or TFE3 alone 

did negatively impact the acute mitophagic response to CA. Intriguingly, while the acute 

response was impaired, no differences were observed in mitophagy following CCA, and 

mitochondrial adaptations were comparable with or without the presence of the lysosomal 

regulators. Furthermore, contrary to our hypothesis we did not observe any impairments in 

mitochondrial function in the absence of either transcription factor basally. However, this can 

likely be attributed to experimental design which resulted in only a partial reduction in TFEB 

or TFE3 and only for a short duration. In line with our hypothesis, CCA elicited lysosomal 

adaptations, as increases in lysosomal content were observed, alongside reductions in lysosomal 

size and improved function. Enlarged lysosomes are often a sign of dysfunction, therefore 

smaller organelles may further demonstrate a functional adaptation. These lysosomal 

adaptations were observed independent of TFEB or TFE3, illustrating a level of redundancy 

between the MiT family members in mediating CCA-induced adaptations as we had speculated.  
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 Due to the apparent redundancy between the transcription factors, we then sought to 

knockdown the expression of both TFEB and TFE3 together. In the absence of both TFEB and 

TFE3, mitophagy flux was significantly impaired basally, and the acute-CA induced mitophagic 

response was lost. Under these conditions, functional improvements in mitochondria were not 

observed and lysosomes did not adapt following CCA in line with our hypothesis, 

demonstrating that TFEB and TFE3 together are required for mediating mitochondrial 

adaptations to contractile activity. Intriguingly, our results also indicated that in the absence of 

TFEB and TFE3, dysfunctional lysosomes accumulated basally and following CCA. These data 

suggest that lysosomes undergo turnover themselves and that TFEB and TFE3 participate in 

these mechanisms. However, the means through which lysosomes are removed or degraded is 

still unclear. Taken together, these findings underscore the importance of functional lysosomes 

in mediating mitochondrial adaptations to contractile activity and highlight a level of 

interdependence or coordination between these organelles.  

 

OBJECTIVE 2: It has long been known that contrary to exercise, disuse results in mitochondrial 

dysfunction. Recent work from our lab showed that mitophagy is elevated early on and then 

decreases with chronic disuse334. Furthermore, we also recently showed that lysosomes and 

autophagy machinery are disproportionate in males and females218, whereby females have 

higher lysosomal content. However formal flux measurements were not made in this study. 

Thus, our objective was to further characterize sexual dimorphisms in lysosomes and mitophagy 

basally and in the context of atrophy, which has been largely overlooked.  
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Hypotheses:  

1. Given the limited literature available, we hypothesize that females will have greater 

lysosomal content which would support increased mitophagy flux rates basally;  

2. In response to denervation, both males and females will lose muscle mass, mitochondrial 

content and exhibit mitochondrial dysfunction; 

3. In line with the previous hypothesis, given the postulated higher rates of flux, females will 

exhibit less mitochondrial dysfunction in comparison to males in response to denervation.  

 

We first sought to characterize these differences between males and females basally.  In 

line with previous literature134,135,140,460, we observed improved mitochondrial function, both in 

oxygen consumption rates and in ROS emissions in females in comparison to males. 

Furthermore, in line with our hypothesis females exhibited increased lysosomal content basally, 

and elevated levels of mitophagy flux, which likely supports the superior mitochondrial 

phenotype. While reports from our lab and others have made inferences that support increased 

autophagy in females based on static measures, our study is the first to dynamically capture 

differences in mitophagy flux.  

 Our second aim was to evaluate sexual dimorphisms in the atrophy phenotype following 

denervation. Contrary to our hypothesis, females were modestly protected against muscle 

atrophy following 7 days of denervation in comparison to males. This phenomenon has not been 

observed in less severe models of disuse such as 7 days of hindlimb unloading353, but has been 

reported with longer periods of disuse in rats426. A hallmark of the disuse-phenotype is a decline 

in mitochondrial content. To our surprise, females did not lose mitochondrial content following 

7 days of denervation. However, this preservation in content is apparently at the cost of 
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mitochondrial function. While both males and females exhibited declines in oxygen 

consumption, and elevations in ROS emissions, the disuse-induced oxidative stress was more 

severe in females, contrary to our hypothesis. Following 24 hr of denervation, females actually 

reduced their mitophagy flux and this was maintained throughout the course of the 7 days. This 

inhibition of turnover likely supports the preservation of mitochondrial content, but also means 

that dysfunctional and long-lived mitochondria are not being cleared away. Intriguingly, this 

inhibition is not due to a lack of lysosomes or autophagy machinery. Denervation increased 

autophagy-related markers and lysosomal proteins in both males and females, however females 

exhibited an earlier and more profound response. Therefore, it is unclear how females inhibit 

their mitochondrial turnover in response to denervation, but it is evident that this contributes to 

the preservation of mitochondria.  

 

OBJECTIVE 3: Our final aim was to evaluate the role of TFE3 in denervation-induced atrophy 

and mitochondrial impairments, again through the lens of biological sex differences.  

Hypotheses:  

1. Denervation will lead to increased lysosomal drive to support increased mitophagy flux to 

remove dysfunctional organelles; 

2. The absence of TFE3 will impact lysosomal content and function following denervation, 

resulting in greater evidence of mitochondrial dysfunction; 

3. Males lacking TFE3 will exhibit the most severe phenotype in response to denervation, as 

males are hypothesized to have less lysosomes in comparison to females, and the absence of 

TFE3 will exacerbate this deficit.  
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While the absence of TFE3 does not result in an overt phenotype basally, a reduction in 

muscle mass basally was observed in males but not females, indicating that TFE3 may regulate 

muscle mass maintenance in males. Loss of TFE3 resulted in a decline in mitochondrial content 

irrespective of sex, and the increased mitochondrial function seen in wildtype females in 

comparison to males was lost. To our surprise, in the absence of TFE3 mitophagy flux was 

increased in both males and females, but in contrast to wildtype animals, flux was equivalent 

between the sexes. This indicates that the sexual dimorphism seen in mitochondrial function is 

dependent on TFE3.  

In response to denervation, the loss of TFE3 again displayed sexually dimorphic effects. 

While females were protected against muscle atrophy in WT animals, the loss of TFE3 reversed 

this sex-dependent effect whereby males preserved more muscle mass in comparison to females. 

Intriguingly, the loss of TFE3 conferred some level of protection against mitochondrial losses 

in both males and females. Furthermore, as mitochondrial content was preserved, mitochondrial 

dysfunction following denervation was intensified, a similar phenomenon seen in WT females. 

This is partially in line with our hypothesis that males lacking TFE3 would display a more 

severe mitochondrial phenotype in comparison to their WT counterparts although this cannot 

be attributed to impairments in the lysosomal response, as this was not affected in the males. 

Moreover, as WT females inhibited mitophagy flux in order to preserve mitochondria, in the 

absence of TFE3 the mitophagic response to denervation was disrupted in both males and 

females. Finally, as a robust lysosomal response was observed in WT females, this appears to 

be in part mediated by TFE3 as this was significantly blunted in KO females. Again, these 

findings partially support our initial hypotheses as lysosomes did adapt to denervation, however 
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TFE3 only impacted this response in females, but not in males. This indicates that the lysosomal 

adaptations observed in females following denervation are dependent on TFE3.  

 

OVERALL CONCLUSION: As skeletal muscle adapts to external stimuli, mitochondria too exhibit 

the same level of plasticity to match metabolic demands. Mitochondria are maintained through 

a variety of mechanisms collectively known as mitochondrial quality control (MQC), including 

mitophagy which is the process through which dysfunctional organelles are recycled. As the 

degradative site of mitophagy, lysosomes are thereby inherently tied to the maintenance and 

adaptability of mitochondria. Despite opposing outcomes, exercise and disuse stimulate 

mitochondrial turnover and lysosomal biogenesis (Fig. 1). Based on the studies conducted in 

this dissertation, it is clear that lysosomal regulators TFEB and TFE3 are required for positive 

mitochondrial adaptations to contractile activity in vitro. It is also clear that TFE3 plays a 

significant role in mediating mitochondrial sexual dimorphisms basally. Furthermore, while 

biological sex imparts divergent approaches to disuse (Fig. 1), TFE3 may be implicated in these 

as loss of TFE3 disrupted the expected mitochondrial phenotype observed in males and was 

required for the lysosomal adaptations to disuse in females. Work from this dissertation 

highlights the role of lysosomes in mediating mitochondrial adaptations and also underscores 

the importance of studying biological sex, as males and females exhibit distinct mitochondrial 

and lysosomal phenotypes (Fig. 1). These observations contribute to our overall understanding 

of how muscle adapts to various stimuli and may provide insight into sex-specific approaches, 

such as targeting lysosomes for maintaining skeletal muscle health throughout age.   
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Figure 1: Mitochondrial and lysosomal adaptations in skeletal muscle. Exercise promotes a 
healthy skeletal muscle phenotype that is supported by mitochondrial and lysosomal adaptations. 
Increased mitochondrial and lysosomal content and function are observed in response to 
contractile activity. Furthermore, we elucidated differences between males and females in basal 
mitochondrial and lysosomal content in skeletal muscle whereby females exhibit higher 
mitochondrial content and function and greater lysosomal content, supporting elevated rates of 
mitochondrial turnover. Moreover, males and females respond differently to disuse as females 
preferentially maintain mitochondrial content at the expense of function. However, this cannot 
be attributed to lysosomal insufficiency as females exhibited a more robust lysosomal response 
in comparison to males. Taken together, our data underscore the importance of lysosomes in 
both positive and negative skeletal muscle adaptations, and the relevance of understanding the 
implications of sex.   

Disuse Endurance training
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CHAPTER SEVEN: 

EXPERIMENTAL LIMITATIONS & FUTURE DIRECTIONS 

 

Based on the findings presented in this dissertation, it is clear that lysosomes respond to 

both positive and negative stimuli and are heavily implicated in mitochondrial adaptations and 

overall skeletal muscle maintenance. Our findings support a high level of coordination between 

lysosomes and mitochondria, and highlight a role for lysosomal regulators in maintaining 

mitochondria and supporting adaptations. We have also identified that both mitochondrial and 

lysosomal phenotypes are heavily sex-dependent and even the level of mitophagy and 

autophagy flux varies between males and females. Our data also have begun to uncover a highly 

dimorphic response in the atrophy phenotype and this emphasizes the need for more sex 

stratified studies to understand how males and female skeletal muscle respond and adapt to 

external stimuli.  

1. Uncovering the mechanisms of lysosomal turnover.   

Based on findings presented in our first objective, it is clear that in the absence of key 

lysosomal regulators, dysfunctional lysosomes accumulate. While it is known that lysosomes 

do have a “lifespan”, so to speak, and are degraded or removed from the cell, to limit cytotoxic 

effects, the mechanisms that underlie these processes remain unclear158,448,449. It is evident that 

TFEB and TFE3 contribute to these mechanisms as their absence caused this accumulation. 

Furthermore, others have suggested that lysosomes can undergo exocytosis to aid in membrane 

repair and this in turn also mitigates the accumulation of dysfunctional organelles. In line with 

our findings, TFEB and TFE3 are implicated in these processes. Thus, using a non-biased omics 
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approach to investigating potential key proteins and targets involved through RNA seq or 

proteomics would be warranted.  

2.  Evaluating the role of TFEB and TFE3 following exercise in vivo.  

While using an in vitro model afforded a number of benefits, (i.e. ease of genetic 

manipulation), there are certain limitations of using a cell culture model especially in the context 

of exercise. While CCA elicits the same mitochondrial adaptations that are seen in vivo, this 

model cannot recapitulate the influence of circulating factors or the remodeling of surrounding 

tissues that in turn impacts skeletal muscle. However, Ballabio and colleagues have investigated 

the role of TFEB or TFE3 during exercise, and observed mitochondrial impairments but 

exercise was able to improve the phenotype197,200. As redundancy between the two transcription 

factors was observed in our hands, it would be interesting to generate an animal model that lacks 

both TFEB and TFE3, especially in an inducible and tissue-specific manner, as whole-body 

deletion of TFEB is embryonically lethal. This would be interesting as mitophagy flux has not 

yet been assessed in vivo in the absence of TFEB or TFE3, in the context of exercise.  

3. Investigating the intersection of sex and TFE3 in exercise-induced adaptations.  

Based on the findings from our second and third objective it was clear males and females 

exhibit dimorphic mitochondrial and lysosomal phenotypes basally and divergent responses in 

atrophic conditions. Understanding how females respond to positive stimuli such as exercise 

training with a specific focus on lysosomal adaptations and mitophagy would help elucidate the 

differences in with male and female skeletal muscle adapts. The implication here is that if males 

and females employ different approaches to mitochondrial and skeletal muscle remodeling, 

there is potential for sex-specific therapeutic interventions.  
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4. Developing assays to assess lysosomal function in vivo.  

While there are a number of methodologies and strategies that can be employed to assess 

lysosomal function in vitro, which were employed in our first objective, these techniques have 

not yet been applied successfully to skeletal muscle. A clear limitation to our in vivo study was 

an inability to assess lysosomal function/status rigorously. Methodologies should be created 

that assess parameters such as lysosomal acidification, lysosomal membrane permeability, 

lysosomal hydrolysis and so forth. While assessments of autophagy and mitophagy flux offer 

an indication of lysosomal function, there are some limitations of the current methods available. 

Nonetheless, as autophagy and mitophagy rely heavily on complex signaling events, it is 

possible that impairments in flux may even occur as a result of impaired signaling independent 

of lysosomal function. Therefore, there is a need for assays that can be conducted in vivo to 

assess functional lysosomal parameters.  

5. Activating lysosomes as a therapeutic target 

Supporting previous literature, our results indicate that females have improved 

mitochondrial function and lower oxidative stress. Here we show for the first time that females 

also exhibit higher levels of mitophagy flux, and we argue that this elevated turnover may 

support the improved mitochondrial phenotype. Thus, it is possible that through the activation 

of lysosomes either through overexpression or pharmacologically, we can improve 

mitochondrial function. This can potentially be applied to models of disuse or aging in which 

mitochondrial function is impaired. However, this may be more of a viable therapeutic target in 

males rather than females, as females exhibited a robust lysosomal response to denervation, but 

seem to preferentially preserve mitochondrial content at the expense of function. Currently there 

are a number of pharmacological approaches to activating TFEB and TFE3 many of which rely 
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on the inhibition of mTOR such as rapamycin and Torin-16, although inhibiting mTORC1 will 

have a wide-range of cellular effects. Alternatives such as Trehalose461 and curcumin analog 

C1462 have been documented in the literature to activate TFEB and TFE3 independent of 

mTORC1.  
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APPENDIX A 

 
ADDITIONAL DATA PERTAINING TO CHAPTER FOUR 

A.1 Gene expression following contractile activity in the absence of TFEB or TFE3. 

 
 
Fig. A1: Gene expression following contractile activity in the absence of TFEB or TFE3. P62 
or Sqstm1 (A), Lc3 or Map1lcb (B), Beclin1 (C), Parkin (D), Cathepsin D (E), LAMP1 (F), 
LAMP2(G) mRNA expression was assessed following an acute bout of contractile activity in 
the absence of TFEB or TFE3. No differences were observed. P62 or Sqstm1 (H), LC3 or 
Map1lcb (I), Beclin1 (J), Parkin (K), Cathepsin D (L), LAMP1 (M), LAMP2(N) mRNA 
expression was assessed following a chronic contractile activity and a 21hr recovery period. 
Similar to the data presented following CCA, an interaction effect was observed for Lc3, Beclin1, 
and Cathepsin D with the greatest change occurring in the absence of TFEB, likely due to a 
compensatory increase in TFE3. Furthermore, Parkin mRNA was also reduced following CCA 
and recovery, in line with the data presented following CCA. #, denotes a main effect of 
CCA+REC, p<0.05; $, indicates an interaction effect, p<0.05.  
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A.2 Gene expression following contractile activity and recovery in the absence of TFEB and 
TFE3. 
 

 
 
Fig. A2: Gene expression following contractile activity and recovery in the absence of TFEB 
and TFE3. P62 or Sqstm1 (A), Lc3 or Map1lcb (B), Beclin1 (C), Parkin (D), Cathepsin D (E), 
LAMP1 (F), LAMP2(G) and Mcoln1 (H) mRNA expression was assessed following chronic 
contractile activity and a 21 hr recovery period in the absence of TFEB and TFE3 (DKO). 
Increased p62, Lc3 and Cathepsin D transcripts were observed in the absence of TFEB and 
TFE3 in line with the CA and CCA data presented. *, denotes a main effect of DKO, p<0.05.  
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A.3 Lysosomal adaptations to CCA 

 
 
 
Fig. A3: Lysosomal adaptations to CCA. Representative western blots of lysosomal markers 
following chronic contractile activity in the absence of TFEB or TFE3 (A). Beclin1 protein 
content (B) was reduced following CCA across all conditions supporting the finding that CCA 
improves the mitochondrial pool, decreasing the need for mitophagy. Contrary to the findings 
of increased lysosomal content following CCA, a decrease in MCOLN1 protein content (C) was 
observed following CCA potentially indicating a compositional change in lysosomes following 
CCA. No changes were observed for v-ATPase, another lysosomal marker. TFE3 protein 
content was increased dramatically following CCA in SCR conditions (D, E), but was 
significantly reduced in siTFE3 (E) and DKO conditions (F, G). *, denotes a main effect of 
siRNA or DKO, p<0.05; #, indicates a main effect of CCA, p<0.05. 
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B.1 Oxygen consumption and ROS emissions following 24hrs of denervation 
 
 

 
 
 
Fig. B.1: Oxygen consumption and ROS emissions following 24hrs of denervation. Oxygen 
consumption was assessed in permeabilized fibers of WT and TFE3 KO animals following 24hr 
denervation. In line with the findings presented, increased oxygen consumption during active 
respiratory states (A-C) was observed in females irrespective of genotype in comparison to male 
counterparts, however the absence of TFE3 reduced oxygen consumption in females. 
Furthermore, decreased ROS emission were observed in both WT and KO females in 
comparison to males (D-F). Acute denervation induced an increase in ROS emissions during 
complex I supported respiration primarily in males (D), however this was not observed during 
active respiratory states (E, F). D, indicates a main effect of denervation; G, denotes a main 
effect of genotype; S, represents a main effect of sex; DxS, interaction effect of denervation and 
sex; GxS, interaction effect of genotype and sex; DxGxS, interaction effect of denervation, 
genotype and sex; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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B.2 Gene expression following acute denervation in WT and TFE3 KO males and females. 

 
 
 
Fig. B.2 Gene expression following acute denervation in WT and TFE3 KO males and females. 
Tfeb (A), p62 (B), Lc3 (C), Parkin (D), Cathepsin B (E), Cathepsin D (F), LAMP2 (G), 
MCOLN1 (H), and Lamp1 (I) mRNA expression following 24 hr of denervation in WT and 
TFE3 KO animals. In line with the chronic data presented, increased Tfeb mRNA was observed 
in females irrespective of genotype (A). Trends for decreased expression of Parkin, Cathepsin 
B, Mcoln1 and Lamp1 were observed in females supporting the data presented. Acute 
denervation had no effect on the expression of these autophagy and lysosomal genes. G, main 
effect of genotype; S, main effect of sex; GxS, interaction of genotype and sex; *, p<0.05; **, 
p<0.01. 
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APPENDIX C 

ADDITIONAL DATA 

C.1 Attempted TFEB knockdown via CRISPR-Cas9 
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Fig. C.1: Attempted TFEB knockdown via CRISPR-Cas9. TLCV2 plasmid contains a 
constitutively active U6 promoter, space for guide insertion, followed by a doxycycline-
inducible promoter and Cas9 gene with EGFP tag. This plasmid allows the inducible 
knockdown of any gene with a positive control. Three separate guides were purchased to target 
TFEB expression (denoted as IDT, THERMO, and CRISPOR). Guides were inserted and then 
plasmids were cut with Kpn1 and EcoRV to produce a 2558bp fragment. Cas9 expression was 
induced with doxycycline treatment at 1ug/ml for 72hrs, at which point cells were imaged to 
detect GFP (note laser power and gain were significantly higher for control wells [laser power 
4.0, gain 125 vs laser power 2.0, gain 100]). A timecourse was attempted with the IDT guide 
and cells were harvested 6 days, 72hr, and 24hr following dox treatment, no knockdown of 
TFEB was observed. THERMO and CRISPOR guides were attempted and cells were harvested 
immediately following dox treatment but again no TFEB knockdown was observed. 
FurtHermore, no changes were observed in COX I or PGC-1 a.  
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Table C1: Distance run during acute exhaustive test.  
 
Endurance capacities of TFE3 KO animals were assessed in a small pilot study, however in the 
absence of sufficient WT animals, a heterozygous female was used as a comparison. Average 
WT running distances were used as a reference from published work from our lab as a 
comparison. Animals were acclimatized for 3 days prior to exhaustive test. While distance to 
exhaustion was highly variable among the 3 KO animals (grey), no differences were observed 
in comparison to HT animal in current pilot or previously published data287. 
 

Acute Exhaustive Test 
193 HT 174 KO 200 KO 207 KO 
Female Male Male Male 

5m/min 5 min - - - - 
10m/min 10 min - - - - 
15m/min 15 min - - - - 
20m/min 20 min - - - - 
21m/min 3 min - - - - 
22m/min 3 min - - - - 
23m/min 3 min - STOP - - 
24m/min 3 min -   - - 
25m/min 3 min -   - - 
26m/min 3 min -   STOP - 
27m/min 3 min -     - 
28m/min 3 min -     - 
29m/min 3 min -     - 
30m/min 3 min STOP     - 
31m/min 3 min       - 
32m/min 3 min       STOP 

Lactate 12.4 3.6 9.1 3.5 
Time (min) 77min 56min 65min 83min 

Distance (m) 1,515 948 1,173 1,704 
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Table C2: Distances run during 6 weeks of voluntary wheel running.  
 
A small cohort of TFE3 KO animals were subjected to 6 weeks of voluntary wheel running 
(VWR), however in the absence of sufficient WT animals, heterozygous females were used as 
a comparison. Total distances run are presented as weekly totals in km. Animals lacking TFE3 
display a resistance to run in comparison heterozygous females and in comparison to 
previously published data240.  
 

 
VWR 

Training 

187 HT 188  HT 184 KO 192 KO 199 KO 
Female-

VEH 
Female-

COL Male Male-VEH Male-COL 
Week 1 21.8 20.5 0.32 6.5 16.2 
Week 2 27.2 41.6 3.6 19.6 38 
Week 3 73.9 73.4 14.6 20.4 45.8 
Week 4 91.5 62 22.4 16.4 27.1 
Week 5 74.5 55.5 11.2 11.8 9.4 
Week 6 42.4 29.7 9 10.2 2.9 
Total 

Distance 331.3 282.7 61.12 84.9 139.4 
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C2: In-situ force production in WT animals. 
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Fig C2: In-situ force muscle stimulation in WT animals. In-situ muscle stimulation was 
performed in a small cohort of animals to assess whether or not an acute bout of contractile 
activity in vivo stimulates mitophagy flux. Mice were treated with colchicine (0.4mg/kg/day for 
3 days) in order to capture flux. Briefly, the gastrocnemius muscle was exposed, the tendon was 
attached to a force transducer, and the sciatic nerve was isolated and directed stimulated to 
induce contraction of the gastrocnemius. We first started with a short stimulation protocol as 
has been used previously463, that progressively increases the trains per second (TPS) from 0.25 
to 1 (A). Based on a preliminary assessment, LC3-II and p62 autophagy flux were not increased 
following this acute contractile bout, despite observing increases in the phosphorylation of 
AMPK (B). Thus, we then attempted to modify the protocol to mimic an endurance-style 
exhaustive exercise, starting at 0.1 TPS for 30 min and then gradually increasing intensity every 
3 minutes from 0.25 TPS to 3 TPS or until no force was produced (C). This protocol was success 
in eliciting mitophagy flux as assessed by LC3-II in mitochondrial fractions (D). A sample force 
tracing of the extended protocol is provided (E).  To our surprise, despite the low intensity there 
is a significant initial drop-off in force production which is then maintained throughout 30 min 
period, fatigue becomes evident as the incremental phase of the protocol ensues, and is most 
rapid from 1 TPS onwards. These pilot data were used to inform a training study which is 
currently underway.  
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