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ABSTRACT 
 
 Skeletal muscle health is highly dependent on the intricate mitochondrial reticulum that 

exhibits high levels of adaptability. It is now recognized that mitochondrial perturbations can 

activate innate immune pathways, such as the NLRP3 inflammasome complex, by augmenting the 

response against damage-associated molecular patterns (DAMPs). The objective of this study was 

to investigate how various metabolic conditions affect innate immune activation and mitochondrial 

health within skeletal muscle, which has not been fully elucidated. To investigate this, we assessed 

innate immune signaling pathways and mitochondrial parameters within a model of muscle 

denervation and an aging model combined with endurance training. Our results suggest that 

NLRP3 inflammasome signaling is responsive to alterations in skeletal muscle activity and can be 

attenuated with chronic endurance training. Furthermore, we highlight a differential response to 

exercise with aged muscle in innate immune signaling. This work aims to further the understanding 

of innate immune signaling pathways within skeletal muscle, which can potentially highlight 

therapeutic targets to regulate its activation under divergent metabolic conditions.  
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1. Skeletal Muscle Physiology  

1.1. Skeletal Muscle Structure and Function   

Skeletal muscle is a dynamic organ that comprises approximately 40% of total body mass and 

plays an essential role in many functions including locomotion, whole-body metabolism, and force 

production (1). At the micro level, a well-established characteristic of skeletal muscle is the highly 

organized arrangement of multinucleated myofibers, contributing to its striated appearance. Each 

myofiber is comprised of adjacent sarcomeres, which serve as the functional unit of muscle by 

facilitating muscle excitability and contractility (1). Following an excitatory stimulus, action 

potentials are propagated through the neuromuscular junction and along the sarcolemmal 

membrane, which subsequently promotes free calcium release from the sarcoplasmic reticulum 

into the intramuscular space through ryanodine receptor 1 (RyR1). Through the process termed 

“excitation-contraction coupling”, calcium release and ATP hydrolysis promote the formation of 

actin-myosin cross bridges, which ultimately allows sarcomere shortening and muscle contraction 

(1). Once the excitatory action potential subsides, the reuptake of calcium into the sarcoplasmic 

reticulum through passive diffusion or active calcium pumps, facilitates muscle relaxation (1).  

1.2. Skeletal Muscle Fiber Types  

While the process of muscle contraction is fundamentally similar within skeletal muscle, many 

other factors can influence the biochemical and contractile characteristics of a myofiber. As a 

result, skeletal muscle can be classified as either slow-twitch or fast-twitch, depending on their 

functional properties. Type I fibers or slow-twitch oxidative muscle fibers contain large volumes 

of mitochondria which leads to a highly oxidative muscle phenotype characterized by increased 

aerobic respiration and fatigue resistance. However, type I fibers also possess a small cross-

sectional area and motor unit size, which allows for easy recruitment but reduces the maximal 
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force production. Skeletal muscle also contains fast-twitch muscle fibers which can be further 

divided into two categories: fast-twitch oxidative (Type IIa) and fast-twitch glycolytic (Type 

IIb/x). In contrast to type I fibers, Type IIb/x fibers have large cross-sectional areas and motor unit 

sizes, which facilitates high force production and rapid contractility. However, due to their low 

mitochondrial volume, they possess an increased reliance on glycolytic respiration and are highly 

fatigable. Type IIa fibers express intermediate characteristics that fall between the Type I and Type 

IIb/x extremes (2). The overall phenotype of a particular muscle is dependent on its relative 

composition of muscle fibers. Glycolytic muscles such as the quadriceps produce large amounts 

of power due to the high percentage of Type IIx fibers, while highly oxidative muscles such as the 

soleus are primarily comprised of Type I fibers. The proportions of these myofibers determine the 

aerobic capacity and force capacity of the muscle and play a role in adaptations to chronic use and 

disuse. In general, chronic endurance training induces a shift in the fiber type makeup towards a 

more oxidative composition that is characterized by a large increase in Type I fibers relative to the 

changes in Type II fibers, resulting in a larger type I/II ratio (3). On the other hand, disuse stimuli 

such as aging lead to detriments in muscle force production and myofiber size, particularly 

affecting Type II fibers (4, 5).  

2. Skeletal Muscle Mitochondria  

2.1. Mitochondrial Structure and Function   

In addition to its contractile properties, skeletal muscle is being increasingly investigated in its 

ability to adapt to various metabolic demands, which can be partially attributed to the complex 

network of mitochondria that strongly regulate muscle metabolism. Mitochondria, commonly 

referred to as the powerhouse of the cell, are metabolic hubs that regulate a multitude of diverse 

functions including energy production, calcium handling, and apoptotic signaling (6). Diverse 
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tissues and cell types rely on mitochondria for energy turnover as the site of metabolic processes 

including the tricarboxylic acid cycle (TCA), β-oxidation and aerobic respiration. The organelle is 

comprised of a double-membrane system, resulting in the compartmentalization of various spaces 

within the mitochondria that each contribute to its tightly regulated function (7). While the outer 

mitochondrial membrane is highly permeable and allows the free movement of small molecules 

into the intermembrane space, the inner mitochondrial membrane is highly selective and organized 

into dense cristae that are critical to mitochondrial function and energy production (7). Due to the 

tightly regulated movement of ions across the inner membrane, an electrochemical gradient is 

established between the intermembrane space and the enclosed mitochondrial matrix, which 

facilitates processes such as the import of nuclear-encoded proteins and aerobic respiration via the 

electron transport chain (ETC) (6, 8). The ETC is comprised of four multiprotein complexes 

(Complex I, II, III, and IV) that are bound to the inner membrane of the mitochondria and two 

mobile electron carriers (Cytochrome C and Ubiquinone) found within the intermembrane space. 

In a controlled manner, electrons are shuttled through the four protein complexes through a series 

of redox reactions, until they are ultimately reduced to H2O at Complex IV by consuming O2. 

Importantly, electron movement is coupled to the pumping of protons into the intermembrane 

space at complexes I, III, and IV, which generates a negative membrane potential within the 

mitochondrial matrix. This established proton gradient is essential to energy production, as it 

drives the process of chemiosmosis and promotes the synthesis of the cellular currency ATP, at 

Complex V (9).  

Due to the multifaceted functions of mitochondria in adapting to specific cellular demands, 

mitochondrial morphology can vary depending on the tissue type or location within the cell. 

Skeletal muscle mitochondria often exist in a networked reticulum, that is further classified into 
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two subpopulations that differ in both structural and biochemical properties (10, 11). 

Subsarcolemmal (SS) mitochondria are closely localized beneath the sarcolemmal membrane, 

exhibiting a rounded and compact structure. Due to their location, SS mitochondria are often 

implicated in supplying energy to membrane-related processes such as protein import and 

assembly, and channel-mediated ion transport (12). In contrast, intermyofibrillar (IMF) 

mitochondria are located between the myofibrils and exhibit a networked phenotype, enabling 

them to provide ATP to sustain skeletal muscle contraction (12). 

2.2. Reactive Oxygen Species (ROS)  

Reactive oxygen species (ROS) are highly reactive, unstable molecules that contain oxygen. 

They can be categorized as either radical oxygen species including superoxide anions (O2-) and 

hydroxyl radicals (OH-), or non-radical oxygen derivatives such as hydrogen peroxide (H2O2) (13). 

Throughout the 1980s, the production of ROS was exclusively considered a cytotoxic stressor due 

to its implications in various pathologies, however, later works began to highlight the generation 

of ROS as potentially beneficial signaling molecules that could influence skeletal muscle 

adaptations (14, 15). In 1982, Davies et al. demonstrated that the production of excessive ROS and 

free radicals from skeletal muscle following exhaustive exercise contributed to impaired 

mitochondrial function through the oxidation of cellular components such as lipids and proteins 

(16). This work emphasized the importance of controlling ROS production to yield beneficial 

adaptations, while also mitigating the harmful consequences of excessive oxidative stress. It is 

now well-known that ROS can be endogenously generated from various sources within skeletal 

muscle including NADPH oxidases (NOX) and the mitochondria. The ETC has been implicated 

as a major producer of O2-, which can occur in response to increased backpressure on the ETC 

during both active and basal respiration, leading to electron leakage from the respiratory 
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complexes or promoting the incomplete reduction of oxygen within the terminal step of aerobic 

respiration (13, 17, 18). Catalyzed by superoxide dismutase or spontaneously produced, O2- can 

then be converted into H2O2, which serves as a commonly used measure of ROS production in 

practical experimental analysis. Within muscle, ROS can act as an important second messenger 

through the regulation of cellular kinases such as the p38 MAPKs, which is involved in 

mitochondrial biogenesis and apoptotic signaling. Furthermore, this can also propagate 

inflammatory signaling through the positive and negative regulation of the transcription factor NF-

κB, by directly influencing its nuclear translocation and DNA-binding affinity (19, 20). Due to 

their high reactivity, ROS can also oxidize various biomolecules including lipids, proteins, and 

DNA. For example, free radicals can target various membrane phospholipids leading to the 

accumulation of lipid peroxidation byproducts such as 4-hydroxynoneal (4-HNE), which has been 

shown to form covalent adducts to induce protein and skeletal muscle dysfunction (21, 22).  

Furthermore, ROS has also been shown to oxidize nucleic acids such as mtDNA, which is 

especially susceptible to oxidative damage due to the lack of protective histones.  This can lead to  

mtDNA mutations and the propagation of several pro-inflammatory pathways through the release 

of oxidized mtDNA (23, 24).  

2.3. The Mitochondrial Genome  

Apart from its structural qualities, mitochondria uniquely possess their own genome which is 

independent of the nuclear genome.  This discovery was first made in 1963 through electron 

microscopy when fibrous structures were identified within the mitochondrion that were 

structurally similar to nucleic acid structures (25). Shortly after in 1967, Margulis introduced what 

is now called the endosymbiotic theory of mitochondrial origin, which suggested that mitochondria 

originally existed as free-living prokaryotic cells that eventually developed a mutually beneficial 
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relationship with eukaryotic cells (26). Following its complete sequencing in 1981, mtDNA has 

been identified as circular double-stranded DNA that is approximately 16.6kb in size and is often 

differentiated from the nuclear genome due to an absence of histones and introns. It contains 37 

genes, encoding 22 tRNAs, 2 rRNAs, and 13 protein subunits of the electron transport chain that 

work in conjunction with the nuclear-encoded proteins to support mitochondrial functioning (27). 

A commonly recognized nuclear-encoded protein is TFAM, which is highly involved in several 

aspects of mtDNA processing. TFAM has been shown to play an essential role in the compacting 

of mtDNA into protein-DNA complexes termed mitochondrial nucleoids, which allows for 

improved stability and control of mitochondrial gene expression and replication (28, 29).  During 

mtDNA replication, the binding of TFAM to mtDNA aids in unwinding of the DNA strands to 

allow other proteins such as DNA Polymerase γ and the mitochondrial helicase TWINKLE to 

initiate DNA replication (30–32). In addition, TFAM also plays an essential role in the initiation 

of mtDNA transcription which is mediated by its binding and subsequent recruitment of 

transcription machinery including TFB2M and mitochondrial RNA Polymerase (POLRMT). 

Moreover, other transcription factors such as p53 interact with mitochondrial DNA to promote the 

transcription of mitochondrial genes (33, 34).  

2.4. Mitochondrial Quality Control  

Due to the imperative role of mitochondria in skeletal muscle health and functioning, the 

maintenance of the mitochondrial reticulum is critical. As a result, the mitochondrial network 

undergoes constant remodelling through a series of processes collectively referred to as 

“mitochondrial quality control”, which allow mitochondria to adapt to various metabolic demands. 

The synthesis of new mitochondria, referred to as mitochondrial biogenesis, is reliant on the 

complex interplay of numerous signaling pathways. A variety of stimuli such as increased Ca2+ 
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release, AMP/ATP ratio, and ROS, can lead to the activation of several kinases including CAMK, 

AMPK and p38. These signaling cascades all ultimately converge on the phosphorylation and 

subsequent activation of PGC-1α. PGC-1α is a transcriptional co-activator that is commonly 

known as the “master regulator of mitochondrial biogenesis”, due to its ability to associate with 

numerous transcription factors such as NRF-1, p53, and PPARγ, and promote the expression of 

nuclear genes encoding mitochondrial proteins (NuGEMPs) (35). This process supports the 

generation of new mitochondria through the production of essential proteins such as import 

machinery,  ETC components, and proteins involved in regulating the mitochondrial genome such 

as TFAM (35). Once new mitochondria are produced, the reticular structure of skeletal muscle 

mitochondria requires specific processes to control its subsequent expansion and division. 

Mitochondrial fusion refers to the elongation of the reticulum and is highly regulated through the 

GTPases, Mfn1/2 and OPA1, which are responsible for the fusion of the outer and inner 

mitochondrial membrane respectively. The fusion of multiple mitochondria promotes increased 

aerobic respiration efficiency due to the sharing of metabolites and resources (36, 37). However, 

in certain cases of metabolic stress, segments of the mitochondrial network can become poorly 

functional, which is characterized by reductions in membrane potential, inefficient aerobic 

respiration, and excessive production of ROS. Thus, to retain the integrity of the mitochondrial 

network, these mitochondria need to be separated from the reticulum and subsequently degraded 

through the processes of mitochondrial fission and mitophagy. Mitochondrial fission promotes the 

segregation of abnormally functioning mitochondria from the mitochondrial reticulum and is 

coordinated by the GTPase DRP1, and its associated mitochondrial receptor, FIS-1 (36, 37). This 

delicate balance between mitochondrial fission and fusion is often used to assess changes in the 

morphology of the mitochondrial reticulum and its degree of fragmentation. Lastly, if 
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mitochondrial dysfunction cannot be resolved, the mitochondria are destined for degradation 

through the process of mitophagy. Mitophagy is a complex process that can be initiated by several 

signaling cascades, however, the most discussed mitophagy system is mediated by the proteins 

PINK1 and Parkin (38). Briefly, throughout this process, PINK1 accumulates on the outer 

mitochondrial membrane which promotes the recruitment of the E3 ubiquitin ligase Parkin. This 

promotes the tagging of mitochondrial proteins via ubiquitination and subsequent recruitment of 

the adaptor protein p62, which can interact with the LC3-II receptor on the autophagosome to 

engulf the dysfunctional mitochondria. Following this, receptors on the autophagosome can 

interact with the lysosomal membrane, allowing for fusion and subsequent mitochondrial 

degradation and cellular recycling. However, it is important to note that there are other mitophagy 

systems such as receptor-mediated mitophagy coordinated by proteins such as NIX, BNIP3, and 

FUNDC1, which work in conjunction to maintain the integrity of the mitochondrial pool by 

directly interacting with lysosome receptor, LC3-II (39).  
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Figure 1: Mitochondrial maintenance and quality control processes.  The health and 
functioning of the mitochondrial pool are reliant on a series of quality control processes including 
mitochondrial biogenesis, fusion, fission, and mitophagy. While these dynamic processes happen 
simultaneously, the drive towards a particular process can be mediated by several stimuli such as 
exercise. Following muscle contraction, several cellular perturbations occur including increases in 
the AMP: ATP ratio, increased cytosolic calcium release from the sarcoplasmic reticulum, and the 
transient production of ROS. These molecules act as important regulators of mitochondrial 
maintenance by activating signaling kinases AMPK, CAMK, and p38-MAPK, respectively. 
Activation of these kinases converge on the phosphorylation and subsequent nuclear translocation 
of PGC-1α, which co-activates various transcription factors including NRF-1/2 to promote the 
transcription of NuGEMPs. Following transcription and translation, these proteins can be imported 
via mitochondrial import machinery to support the biogenesis of new mitochondria. To elongate 
the mitochondrial reticulum and enhance cellular respiration, mitochondria can undergo the 
process of fusion which is mediated by Mfn1/2 and OPA1 for fusion of the outer and inner 
membranes, respectively. While the expansion of the reticulum is critical, mitochondrial health is 
equally reliant on processes that aid in the removal of dysfunctional mitochondria, that are 
characterized by a loss of membrane potential (ΔΨ), impaired import and respiration, and an 
excessive production of ROS. To segregate these mitochondria from the remainder of the 
reticulum, the process of mitochondrial fission is induced through the recruitment of DRP1 via the 
mitophagy receptor, FIS1. Lastly, these abnormally functioning mitochondria become destined for 
cellular degradation through the process of mitophagy which allows for the breakdown of 
mitochondrial proteins via hydrolytic proteases located within the lysosomes, to allow for the 
recycling of monomers to support other cellular processes. 
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2.5. Mitochondrial-Mediated Apoptosis 

Apart from its primary role as an energy-producing organelle, mitochondria also play a central 

role in mediating several processes including mitochondrial-mediated apoptosis. While there are 

several forms of targeted cell death, apoptosis functions as a programmed process of cell death 

which is characterized by DNA fragmentation, cellular shrinking, and a lack of inflammatory 

activation (40). The involvement of the mitochondria in regulated cell death was originally 

investigated by Wang and colleagues (41) and plays an important role in the elimination of 

damaged or harmful cells. Under dysfunctional conditions, an accumulation of pro-apoptotic 

stimuli such as oxidative stress, DNA damage, or calcium influx can initiate mitochondrial-

mediated apoptosis through the opening of the mitochondrial permeability transition pore (mPTP) 

(42). The pore is thought to consist of several mitochondrial proteins including the outer membrane 

voltage-dependent anion channel (VDAC), the inner membrane adenine nucleotide translocator 

(ANT), and the matrix protein Cyclophilin D (43), although the specific composition remains a 

topic of debate. The opening of the mPTP is highly regulated by the delicate balance of Bcl-2 

family proteins including the anti-apoptotic Bcl-2, and the pro-apoptotic Bax and Bak. Upon 

activation, Bax and Bak oligomerize into the mitochondrial outer membrane and promote 

permeabilization and the subsequent release of pro-apoptotic factors including cytochrome C and 

AIF (44). Cytochrome C release is a pivotal activator of the apoptosome protein complex and the 

downstream initiator caspase-9 and effector caspase-3, which ultimately lead to DNA 

fragmentation and cellular degradation to execute apoptosis (44). Due to the unique multinucleated 

structure of skeletal myofibers, the induction of apoptosis results in the death of individual 

myonuclei as opposed to the entire myofiber. Consequently, myonuclei that undergo nuclear 
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fragmentation due to cell-mediated apoptosis can no longer contribute as a site of active gene 

expression and often lead to localized skeletal muscle atrophy.  

3. Plasticity of Skeletal Muscle Mitochondria: The good and the bad  

One of the most notable features of skeletal muscle is its ability to adapt to various metabolic 

demands, which can be partially attributed to the highly plastic nature of the mitochondrial 

reticulum and various quality control processes. However, depending on the stimulus and 

metabolic perturbations present, the mitochondrial pool can undergo both beneficial and 

maladaptive changes, which ultimately impact the skeletal muscle phenotype.   

3.1. Chronic Endurance Exercise  

To assess endurance exercise within rodent models, various models can be employed to induce 

exercise adaptations including treadmill training, chronic contractile activity (CCA), and voluntary 

wheel running. While treadmill training and CCA provide a consistent exercise stimulus with 

highly controlled parameters, these modalities are often more stressful for the animals. On the 

other hand, as the name suggests, voluntary wheel running is completely reliant on the behavioural 

patterns of the subject, which can increase variability, but also allows animals to run according to 

their own environmental and behavioural patterns (45). This model can be especially useful when 

studying vulnerable mouse populations that may not be able to sustain more stressful protocols. 

Widely used in many studies, rodents often readily run on running wheels, which allows their 

distance to be quantified and used as a measure of moderate endurance training  (20, 46, 47).  

Throughout literature, the concept of “exercise as medicine” is well established due to the 

numerous benefits on skeletal muscle and the mitochondrial pool. However, the degree of 

adaptation is highly dependent on different exercise parameters such as duration, intensity, and 

modality. Acute exercise has been shown to induce transient metabolic disturbances, promoting 
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the activation of various upstream kinases such as p38 MAPK, CAMK, and AMPK, which 

positively regulate the transcription and nuclear translocation of key mitochondrial proteins such 

as PGC-1α (20, 48–51). These changes in gene expression can be further mediated by changes in 

the methylation of the promoter region of numerous genes such as PGC-1α and PPAR, which 

impact its transcriptional activity (52). Acute exercise has also been implicated in the active 

remodelling of skeletal muscle mitochondria through increasing the physical interactions at the 

mitochondrial membrane, which can improve mitochondrial efficiency through the sharing of 

resources and dilution of dysfunctional molecules (53). However, while acute exercise can 

promote transient changes in cellular signaling, repeated exercise bouts are often required to 

induce long-term adaptations in the skeletal muscle phenotype. Chronic endurance training is a 

well-established exercise modality that has been investigated using voluntary models such as 

wheel running, or involuntary protocols such as treadmill training or CCA. In 1967, Holloszy 

demonstrated a fundamental relationship between endurance training and mitochondrial content 

as shown through increases in mitochondrial protein content and the activity of important 

mitochondrial enzymes such as cytochrome C oxidase and succinate dehydrogenase (54). This 

work has been further characterized by numerous studies highlighting an increased mitochondrial 

volume post-training, within both the SS and IMF mitochondrial subpopulations (55, 56). These 

changes in mitochondrial content can be partially attributed to an exercise-induced drive towards 

mitochondrial biogenesis which is apparent through increases in PGC-1α transcription and mRNA 

content (57). This ultimately leads to the increased expression of NuGEMPs including ETC 

proteins to support aerobic respiration, and TFAM to promote mtDNA replication and 

transcription (58). The increase in protein expression works in conjunction with exercise-induced 

increases in mitochondrial protein import promoting the generation of new mitochondria (59, 60). 
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While PGC-1α plays an important role in the transcription of NuGEMPs, it is important to note 

that exercise-induced adaptations within skeletal muscle can occur independently of PGC-1α, 

suggesting redundancy within the signaling towards mitochondrial biogenesis (61). While the 

generation of new mitochondria is beneficial to increasing overall mitochondrial volume, 

mitochondrial functioning is highly dependent on the turnover of the mitochondrial reticulum. 

Through increases in the fusion: fission ratio, exercise training can promote an elongated 

mitochondrial phenotype by increasing the expression of pro-fusion proteins, Mfn1/2 and OPA1, 

while downregulating the expression of proteins involved in mitochondrial fission such as DRP1 

and FIS1 (62–64). In addition, the activity of these proteins can be further augmented through 

post-translational modifications. Fealy et al. demonstrated that within insulin-resistant skeletal 

muscle, 12 weeks of endurance exercise was able to markedly reduce the activation of DRP1 

through a reduction in its phosphorylation at Ser616 (65). At the terminal end of the mitochondrial 

life cycle, the turnover of dysfunctional mitochondria relies on the complex interplay between 

mitophagy initiation and the quality of the terminal lysosomes. Chronic endurance exercise 

stimulates a larger capacity for mitophagy in conjunction with an increased drive towards 

lysosomal biogenesis, which is evident through increases in the expression of Parkin and the 

transcription factor, TFEB, which is closely linked to lysosomal biogenesis (46, 66). Following 4 

weeks of voluntary wheel running, basal autophagy flux is enhanced alongside BNIP3 protein 

expression, possibly suggesting enhancements in receptor-mediated mitophagy, however, this 

response was only seen in oxidative fiber types (67). These adaptations ultimately lead to increased 

mitochondrial efficiency and a more oxidative phenotype within trained skeletal muscle, which 

serves to improve functional parameters such as fatiguability and VO2 max (56).  Due to the 

increased quality of the mitochondrial pool, there is a decreased drive for mitochondrial-mediated 
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apoptosis following endurance exercise training. At both basal levels and in response to a cellular 

stressor, chronic endurance training attenuates the release of pro-apoptotic factors such as AIF and 

Cytochrome C from the mitochondria, decreasing mitochondrial-mediated apoptosis  (11, 68). In 

addition, exercise training can also increase the expression of other stress response proteins such 

as the 70-kDa heat shock protein (HSP70) within the mitochondria, which has been shown to 

directly inhibit the formation of the apoptosome complex and initiator caspase activation (11, 69).  

3.2. Muscle Disuse  

Due to the adaptive nature of mitochondria, physiological changes that occur over extended 

periods of muscle disuse can have notable effects on the mitochondrial pool and skeletal muscle 

health. Within the body of literature, there have been a variety of well-established models that are 

used to induce muscle disuse which range in their degree of severity. To induce potent changes in 

a controlled manner, several models are commonly used to limit movement or activity within the 

hindlimb muscles including sciatic nerve transection, hindlimb immobilization, and hindlimb 

suspension (70). While these models are well-suited for studying large responses in a relatively 

short time frame, it is also valuable to investigate more realistic progressions of skeletal muscle 

disuse, such as those observed with aging.  

3.2.1. Skeletal Muscle Denervation 

As mentioned previously, skeletal muscle denervation is a well-validated experimental 

model for studying muscle disuse due to the potent response and presence of an internal control to 

minimize variability. The sciatic nerve originates from the spine and branches out into the distal 

tibial and peroneal nerves within the lower hindlimbs, innervating a variety of muscles including 

the gastrocnemius, soleus, tibialis anterior, extensor digitorum longus, and plantaris. As the largest 

nerve in the body, the sciatic nerve can be isolated and transected to block neural input to the 
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hindlimb muscles and has been commonly used to investigate skeletal muscle adaptions to disuse 

(71–73). Several groups have demonstrated that skeletal muscle denervation disrupts the balance 

between protein synthesis and protein degradation, favoring a pro-catabolism phenotype 

characterized by reductions in fiber size. As early as 24 hours post-denervation, protein breakdown 

is upregulated, contributing to the observed decreases in muscle mass (73). Further contributing to 

this imbalance, several catabolic pathways are activated such as the FoxO signaling pathway, 

which promotes the upregulation of atrophy-related genes termed “atrogenes” including Gadd45α 

and E3 ubiquitin ligases, Murf1, and Atrogin-1. These atrogenes promote protein degradation via 

several mechanisms including the inhibition of protein synthesis in conjunction with the activation 

of proteosome-mediated protein degradation (74–77). As a central component of skeletal muscle 

health, mitochondria also undergo maladaptive changes in response to periods of disuse, partly 

attributed to impairments in various quality control mechanisms. Prior research from our lab has 

demonstrated that 7 days of hindlimb denervation is sufficient to reduce the nuclear expression of 

PGC-1α alongside reductions in TFAM, which reduces the drive toward mitochondrial biogenesis 

(78, 79).  A study by Sandri and colleagues showed that the disuse-induced decrease in PGC-1α 

protein can also further enhance protein breakdown, as PGC-1α is also implicated in the 

suppression of FoxO-mediated protein degradation (80). As a result, denervation is often 

characterized by reductions in mitochondrial content as early as 5-7 days, which can be attributed 

to the decreased expression of essential mitochondrial proteins and import machinery, which 

impedes the generation of new mitochondria (71, 72, 81). Interestingly, it has been shown that 

inducing beneficial mitochondrial adaptations with chronic contractile activity prior to denervation 

can prevent these reductions in mitochondrial content and preserve muscle oxidative capacity (82). 

Within the remaining mitochondrial pool, mitochondria also exhibit increased signs of dysfunction 
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and abnormal morphology. Following denervation, the mitochondrial pool becomes increasingly 

fragmented due to imbalances in mitochondrial dynamics. The balance favours mitochondrial 

fission, seen through increases in the expression of fission proteins, FIS1 and DRP1, and associated 

reductions in the expression of fusion proteins Mfn1, Mfn2, and OPA1 (64, 83). As seen through 

transmission electron microscopy, mitochondria display abnormal structural morphology that is 

characterized by a rounded, smaller shape with increased cristae disorganization (84). 

Consequently, these fragmented mitochondria exhibit declines in their functional capacity through 

reductions in oxygen consumption and increased ROS emission that precedes muscle atrophy (85–

87). The accumulation of ROS has been shown to activate a variety of catabolic systems including 

the ubiquitin-proteosome system mentioned previously, as well as calpains and autophagy 

pathways. To try and degrade these dysfunctional organelles, this process is upregulated in 

denervated muscle seen through an increased expression of several mitophagy and lysosomal 

markers such as TFEB, PINK1, Parkin, and p62 (79, 83, 88). However, while mitophagy 

machinery is upregulated, the active degradation of dysfunctional mitochondria which can be 

measured via mitophagy flux, is downregulated (71, 78). Altogether, these findings demonstrate 

that while signaling towards mitophagy is activated following periods of denervation, due to 

impaired degradation, skeletal muscle accumulates dysfunctional mitochondria which further 

propagates catabolic processes. When mitophagy cannot sufficiently degrade poorly functioning 

mitochondria, the increased oxidative stress can promote cellular damage, leading to the initiation 

of apoptosis and mPTP opening (89, 90). Mitochondrial-mediated apoptosis has been implicated 

as a significant contributor to muscle wasting by investigating knockout models of apoptosis 

effector, caspase-3, and pro-apoptotic proteins Bax and Bak, which protects against denervated-

induced muscle atrophy (91, 92). Overall, a large body of literature has established that skeletal 
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muscle denervation impairs mitochondrial quality control mechanisms and promotes the 

accumulation of dysfunctional, fragmented mitochondria leading to deleterious effects on skeletal 

muscle mass and function.   

3.2.2. The Aging Phenotype  

As mentioned previously, while sciatic nerve transections produce robust changes in a 

relatively short time frame, they are not reflective of the natural progression of skeletal muscle 

dysfunction which can be observed with aging. While the degree of muscle atrophy may be more 

variable, aging investigations provide insight into the whole-body adaptations and inter-tissue 

crosstalk that can impact skeletal muscle health and quality of life (93). Several studies have shown 

that beginning as early as the age of 50, aging populations lose 1-2% of muscle mass per year 

which contributes to reduced endurance capacity, strength, and increased frailty that can interfere 

with one’s ability to perform daily living activities (94–96). As a result, this progressive loss of 

muscle mass with age, termed sarcopenia, has become a prominent area of research to better 

understand the cellular changes associated with its progression. As critical metabolic and signaling 

hubs within skeletal muscle, alterations in the mitochondrial reticulum with age have been largely 

implicated in the progression of sarcopenia. Similar to the changes seen following muscle 

denervation, aged muscle often exhibits decreased mitochondrial content that promotes a more 

glycolytic phenotype (97). This reduction in content is associated with a progressive decline in 

mitochondrial function that is characterized by altered structural morphology, impaired respiration 

capacity, and increased oxidative stress (97–99). Consequently, the mitochondrial reticulum 

demonstrates a pro-fission phenotype with increased fragmentation in both SS and IMF 

populations, which stimulates a larger drive towards mitophagy and mitochondrial-mediated 

apoptosis, further leading to reductions in mitochondrial volume (64, 98, 100). However, while 
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aged muscle demonstrates basal increases in autophagy-lysosomal protein expression such as p62, 

Parkin, and LC3-II in comparison to young counterparts, aged muscle exhibits an impaired ability 

to initiate autophagy in response to metabolic stressors (101). This balance in mitochondrial 

quality is further altered through a reduced drive towards mitochondrial biogenesis, evident 

through decreases in PGC-1α at both the transcriptional and protein level, which can be improved 

with both acute and chronic bouts of exercise (102, 103). This upregulation in PGC-1α is critical, 

as Leick and colleagues demonstrated that exercise-induced improvements in mitochondrial 

content and anti-oxidant capacity within aged mice are abolished in the absence of PGC-1α (104). 

Due to its many benefits, chronic exercise has been universally highlighted as an effective strategy 

to preserve skeletal muscle mass and functional performance with age, in part by improving the 

health of the mitochondrial pool  (105–107).  

As a whole-body phenomenon, it is also important to recognize the wide variety of cellular 

changes in alternative tissue types that can directly impact skeletal muscle function with age. 

Skeletal muscle and mitochondria are reliant on the transportation of nutrients and oxygenated 

blood through the vasculature to support metabolic tissue function, which is impaired with age 

through reduced skeletal muscle capillary density (108, 109). Furthermore, at the neural level, 

aging has been associated with several neurochemical and structural abnormalities including motor 

cortex cortical atrophy, reduced motor neuron activation, and impaired neuromuscular 

transmission, leading to functional deficits in force production (110). Skeletal muscle also 

undergoes compositional changes that contribute to the loss of muscle strength, including 

increased intramuscular fat infiltration within aging muscle (111). Skeletal muscle regeneration 

and growth also rely on the interactions between skeletal muscle anabolic signaling and muscle 

satellite cell activation. Several works have characterized declines in muscle satellite cell 
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activation and regeneration in aged animals compared to their young counterparts, which can 

exacerbate reductions in muscle mass and the development of sarcopenia (112). Moreover, an 

emerging role of inflammation is being increasingly explored in the context of aging, which has 

been coined “Inflammaging”. This refers to the systemic low-grade chronic inflammation and 

senescence-associated secretory phenotype often observed with age that can contribute towards 

muscle wasting (113). Evident from these studies, the aging phenotype is closely associated with 

maladaptive changes in many tissue types that can converge on reduced skeletal muscle quality 

and functioning.   

4. Innate Immune Signaling  

4.1. The First Line of Defense 

All cellular organisms require the ability to defend themselves against foreign invaders and 

perturbations including external pathogens or endogenous damage brought about by injury or 

disease. The immune system, comprised of both the innate immune system and adaptive immune 

system, works to recognize abnormal entities and swiftly launch effector responses to eliminate 

the source and maintain homeostatic conditions. The innate immune system is often termed “the 

first line of defense” and provides non-specific and rapid responses against foreign substances or 

damaged molecules. Innate defenses are comprised of both structural components such as skin 

barriers and mucous membranes, as well as several immune cells called leukocytes including 

monocytes, neutrophils, and natural killer cells that rapidly act upon the presence of foreign 

material within the cellular environment. In contrast, the adaptive immune system consists of 

specialized leukocytes, known as B-cells and T-cells, which are responsible for the specific 

recognition and targeting of foreign antigens, as well as immunological memory of pathogens 

(114). All leukocytes or “white blood cells” are derived from hematopoietic stem cells within the 



   21 

bone marrow that eventually develop into specialized immune cells that can either remain within 

the bone marrow or migrate to other compartments such as peripheral tissues, circulation, or 

lymphatic vessels (114). Although the adaptive and innate immune system possess distinct 

features, the ability to induce immune responses and effectively respond to threats is heavily reliant 

on the complex interplay between the two systems. The innate immune system plays a critical role 

in activating adaptive effector mechanisms via antigen-presenting dendritic cells, and also serves 

as a critical initiator of inflammation that provides sufficient time for an adaptive response to be 

mounted (115). Additionally, in contrast to the original notion, several works have begun to 

demonstrate that the innate immune system is capable of “trained immunity” in preventing 

reinfection within invertebrates, which lack an adaptive immune system (116). This could 

implicate the innate immune system as a potential contributor to immunological memory in 

addition to the adaptive immune system.  

4.2. Pattern Recognition Receptors (PRRs) 

To better understand the role of the innate immune system in responding to foreign stimuli, it 

is critical to investigate the precise mechanism through which recognition occurs. One of the initial 

theories of recognition was proposed by Dr. Charles Janeway in 1989, who proposed “non-self” 

driven activation. This theory suggested that innate immune cells use germ-line encoded receptors, 

termed pattern recognition receptors (PRRs), to recognize pathogen-derived compounds not 

expressed through the host organism called pathogen-associated molecular patterns (PAMPS) 

(117). However, in contrast to this concept, another theory later emerged by Dr. Polly Matzinger 

in 1994 termed the “danger model”, which suggested that these PRRs are activated by danger 

signals produced from damaged host cells termed damage-associated molecular patterns (DAMPs) 

(118). Throughout the literature, many have accepted that it is a combination of these theories that 
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drive the recognition of exogenous pathogens and endogenous damage molecules by PRRs to 

launch innate immune responses. PRRs can be separated into four major classes each possessing 

unique structural characteristics and cellular localization including Toll-like receptors (TLRs), 

NOD-like receptors (NLRs), Rig-I-like receptors (RLRs), and C-type lectin receptors (CLRs), and 

are responsible for recognizing a fixed range of molecular patterns. To ensure that signals are not 

going undetected, PRRs are strategically located in various compartments including cellular 

membranes and the cytosol. In brief, PRRs bind to structures through their ligand recognition 

domains, which recruit various adaptor proteins to launch downstream signaling cascades to exert 

effects on effector molecules (119). While PRRs have been predominantly studied within the 

context of immune cells, they are also expressed in other cell types including endothelial cells and 

muscle cells, which highlights opportunities for cellular crosstalk that can contribute to whole-

body inflammation. Within this literature review, we will be focusing specifically on the 

contribution of TLRs and NLRs and their capacity to respond to a variety of PAMPS and DAMPS.  

4.2.1. Toll-like receptors (TLRs) & NOD-like receptors (NLRs) 

Toll-like receptors (TLRs) are transmembrane receptors initially named due to their 

resemblance to the protein encoded by the Toll gene in Drosophila. In foundational work by 

Janeway, the deletion of the Toll gene resulted in an inability to combat fungal infections, which 

highlighted an important link between TLRs and the induction of immune responses (120). To 

date, there are currently ten variations of TLRs that have been identified in humans, and twelve 

variations in mice, which differ based on their cellular location and ligand recognition (121). For 

example, TLR4 is expressed within the plasma membrane of immune and non-immune cells and 

is primarily responsive to lipopolysaccharides found within gram-negative bacteria. On the other 

hand, TLR9 is located within endosomal membranes and primarily recognizes unmethylated CpG 
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DNA motifs characteristic of bacterial DNA and mitochondrial DNA (122). Despite these 

differences, TLRs share common pathways of activation to initiate immune responses. The 

stimulation of TLRs by their respective ligands prompts the activation of intracellular signaling 

pathways mediated by adaptor proteins such as MyD88, which converge upon the activation of 

transcription factors such as NF-κB and IRF7. This transcriptionally upregulates the production of 

pro-inflammatory proteins such as cytokines and inflammasome components to facilitate immune 

signaling.  

In addition to TLRs, NLRs are an additional class of PRRs that serve a similar function as 

critical components of innate immune signaling. However, while both receptors lead to the 

upregulation of similar signaling pathways (ex. NF-κB and IRFs), they possess several distinct 

features. While TLRs are localized to cellular membranes, NLRs are located within the cytoplasm, 

which influences the variety of PAMPS and DAMPS that are recognized. In addition to various 

PAMPS, due to its central location within the cell, NLRs are primed to recognize various internal 

danger signals that occur with cellular stress including extracellular ATP, foreign DNA, ROS, and 

changes in ion levels (123). From a protective stance, the presence of PRRs in various cellular 

compartments provides an additional layer of security for any PAMPS or DAMPS that bypass 

membrane-bound PRRs. To date, NLRs can be further classified into smaller protein groups 

including the NODs, NLRPs, and NLRCs that differ based on their structural components and 

ligand-sensing capabilities (123). Within the literature, several NLRs have also demonstrated the 

ability to assemble into multi-protein complexes termed inflammasomes, including NLRP1, 

NLRP2, NLRP3, and NLRC4 (124). Due to its unique ability to respond to a wide variety of 

PAMPS and DAMPS, this study will focus on the NLRP3 protein along with its mechanism of 

action, which will be further explored throughout Section 5. The NLRP3 Inflammasome.  
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4.2.2. cGAS-STING Pathway  

Beyond TLRs and NLRs, another mechanism involved in innate immune pattern recognition 

is the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) DNA sensing 

pathway. cGAS is an intracellular PRR found within the cytoplasm, which initially seemed to bear 

a resemblance to the NLR protein family. However, this signaling pathway is highly specific to 

recognizing double-stranded DNA (dsDNA) leading to its classification as a cytosolic DNA 

sensor. dsDNA can be released into the cytosol from various sources including foreign pathogenic 

sources such as viral or bacterial invaders and/or self-deriving sources of dsDNA that can be 

released from damaged cells (125). Various studies have demonstrated that mitochondrial DNA 

can be a potent activator of this immune response and mediate inflammasome activation, 

senescence-associated phenotypes, and chronic inflammation (126, 127). In brief, the allosteric 

binding of dsDNA to cGAS activates its enzymatic activity and promotes the synthesis of cyclic 

GMP-AMP (cGAMP). This potent second messenger can translocate to the endoplasmic reticulum 

and bind to the sensor STING protein, which induces its trafficking from the endoplasmic 

reticulum to the Golgi apparatus via various transport machinery including coatomer protein 

complex II (COPII) vesicles. This translocation leads to the recruitment of the tank-binding kinase 

1 (TBK1) which can phosphorylate the transcription factor IRF3 to promote their nuclear 

translocation and transcription of various type I interferons (128). However, it is important to note 

that activated STING has also been implicated in other signaling cascades. For instance, the 

activation of STING and TBK1 can additionally recruit and activate the IKK complexes via 

phosphorylation, allowing the release and nuclear translocation of the transcription factor NF-κB 

from its negative regulator IκB (128). Furthermore, beyond its effects on gene transcription, the 

activation of this pathway is now being increasingly explored in the context of autophagy and cell 
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death processes, which highlights other potential functions that have not yet been fully elucidated 

(125).  

4.3. Inflammation and Skeletal Muscle Function 

As discussed in earlier sections, skeletal muscle displays impressive adaptive capabilities that 

can be influenced by the multi-system crosstalk to impact its functioning. While skeletal muscle 

health is highly discussed in relation to the cardiovascular, respiratory and nervous system, the 

role of inflammation and specifically, the innate immune system, is often not as appreciated. Due 

to the strenuous role of skeletal muscle in mediating muscle contraction and physical movement, 

it becomes vulnerable to stress-related damages and requires constant repair to maintain proper 

health. Muscle damage, while often most associated with traumatic injuries or disease, can also be 

seen following acute exercise bouts and is generally resolved by the organized coordination 

between immune cells, muscle stem cells, and satellite cells (129). Following muscle damage 

induced by acute injury, various circulating immune cells such as neutrophils and monocytes, as 

well as tissue-resident macrophages are recruited to the site of injury by the release of damage 

molecules including ROS and extracellular matrix components (130, 131). Specifically, 

monocytes play an important role in muscle regeneration due to their heterogeneous nature, 

enabling them to take on a different phenotype depending on the stage of the immune response. 

Upon early time points of injury, these macrophages primarily take on a pro-inflammatory or “M1” 

state to release a variety of cytokines and chemokines including TNF-α, IL-1β, and the myokine 

IL-6, which have been implicated in supporting satellite cell proliferation. Following this initial 

phase, skeletal muscle regeneration is reliant on the switch to “M2” or anti-inflammatory 

macrophages to aid in resolving inflammation and promoting muscle differentiation and growth 

(132, 133). Furthermore, acute exercise is associated with the increased nuclear translocation of 
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NF-κB in response to transient oxidative stress during increased energetic demands. While this 

signaling pathway is implicated in a broad range of cellular processes, it has been suggested to 

upregulate both the inflammatory and antioxidant response during muscle recovery (134). In 

contrast, while acute exercise is considered transiently pro-inflammatory, exercise adaptations 

over time are often associated with an attenuated inflammatory response. For instance, chronic 

endurance training by voluntary wheel running and treadmill training, on healthy mice and obese 

mice respectively, has been shown to decrease skeletal muscle macrophage content as well as 

promote an increased proportion of M2 to M1 macrophages compared to sedentary controls (135, 

136). Consequently, this is associated with reductions in circulating pro-inflammatory cytokines 

including TNF-α and IL-6, and increases in classic anti-inflammatory cytokines such as IL-10 

(136, 137). However, some studies have shown opposing results suggesting that chronic high-

intensity endurance training was associated with increases in skeletal muscle cytokines including 

IL-1β, IL-12, and anti-inflammatory IL-1ra, possibly suggesting an impact of exercise intensity on 

immune adaptations  (138). 

While the adaptive capability of the immune system is highly beneficial in response to damage 

or infection, dysregulated inflammatory responses can be detrimental to skeletal muscle health and 

functioning. Many conditions are associated with chronic inflammation and detriments to 

mitochondrial and skeletal muscle health including aging (139), type 2 diabetes (140), muscular 

dystrophies (141), and myositis (142), which emphasizes the need for investigating potential 

therapeutics to alleviate excess inflammation within muscle.  

5. The NLRP3 Inflammasome Complex 

The term “inflammasome” was first coined in 2002 by Dr. Jürg Tschopp and his colleagues, 

upon the discovery of what is currently known as the NLRP1 inflammasome complex. Prior to 
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this, NLRs were thought to contribute towards leukocyte apoptosis due to their notable structure 

which was reminiscent of apoptosis effectors and apoptosome formation. However, this work 

characterized the role of NLRs in mediating innate immune response by assembling into multi-

protein complexes that promote the activation of inflammatory caspase-1/5 and pro-inflammatory 

cytokine IL-1β in response to lipopolysaccharide (LPS) treatment (143). In 2004, these researchers 

later found a similar pattern of activation for NLRP3, which eventually emerged as the most well-

characterized inflammasome due to its ability to respond to a variety of DAMPs and PAMPs, 

further establishing its involvement in both pathogenic and sterile inflammation (144, 145).  

5.1.  NLRP3 Structural Characteristics 

NLRP3, also known as cryopyrin, is a tripartite protein comprised of 3 domains: the amino 

(N)-terminal pyrin domain (PYD), the central nucleotide-binding and oligomerization domain 

(NACHT), and the carboxy (C)-terminal leucine-rich repeat (LRR) domain (146). The PYD 

domain has been implicated in mediating protein-protein interactions, which is required for 

inflammasome activation. Due to the lack of a caspase activation and recruitment domain (CARD) 

internally within NLRP3, the assembly of the NLRP3 inflammasome complex is reliant on its 

interactions with the apoptosis-associated speck-like protein containing CARD (ASC). ASC 

contains an N-terminal PYD domain and a C-terminal CARD domain, making it an essential link 

between NLRP3 and the recruited procaspase-1 by aiding in the formation caspase-1 activation 

sites via CARD-CARD interactions (147, 148). The PYD domains in both ASC and NLRP3 

undergo homotypic protein interactions driven by their hydrophobic cores and charged amino acid 

residues that promote their association (149). Furthermore, the NACHT domain exhibits ATPase 

activity that allows the binding and hydrolysis of ATP, which aids in the oligomerization of 

NLRP3 monomers to promote inflammasome formation (150). Additionally, recent works have 
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begun to implicate the NACHT region as an autoinhibitory feature of NLRP3 inflammasome 

activation which contributes to its tight regulation (151). Lastly, the LRR domain has been most 

investigated for its role in ligand detection and mediating protein-protein interactions with other 

constituents such as the protein kinase NEK7 to facilitate proper assembly. In addition, this region 

has been implicated as a site for several post-translational modifications to modulate NLRP3 

activation including phosphorylation and ubiquitination. However, the importance of this region 

in inflammasome activation is still up for debate. For instance, while some works have shown that 

the deletion of the LRR domain inhibits NLRP3 inflammasome activation in macrophages, other 

groups have demonstrated that it is not required for adequate inflammation activity (152, 153).   
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Figure 2. Structure of the NLRP3 Inflammasome Complex. The NLRP3 Inflammasome is a 
multiprotein complex that is comprised of 3 proteins including NLRP3, adaptor ASC, and 
procaspase-1. The sensor protein NLRP3 is comprised of 1033 amino acids [mus musculus] and 
can be further divided into three domains. The C-terminal LRR domain has been primarily 
implicated in ligand detection and stabilizing the inflammasome structure. The central NACHT 
domain is critical in the hydrolysis of ATP that promotes inflammasome oligomerization and 
assembly. Lastly, the N-terminal PYD domain mediates homotypic protein-protein interactions 
with the PYD domain located on the 193-amino acid adaptor protein, ASC. As NLRP3 itself lacks 
a CARD domain, this interaction is critical in promoting procaspase-1 recruitment through the 
formation of ASC filaments and subsequent CARD-CARD protein interaction. The effector 
protein of the inflammasome complex, procaspase-1, is a 402 amino acid protein that is comprised 
by an N-terminal CARD domain, as well as two primary catalytic subunits termed the p10 and p20 
subunits. Through the CARD-CARD interactions, the procaspase-1 proteins form a filament 
structure which allows for the proximity-induced autocatalytic cleavage between the p20 and p10 
subunits to obtain the enzymatically active caspase-1 protein.  
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5.2. NLPR3 Inflammasome: Canonical Mechanism of Action  

Due to its role in innate immune activation, the NLRP3 inflammasome must be closely 

regulated to avoid overactivation and detrimental health effects. As a result, canonical activation 

of the NLPR3 inflammasome generally require a two-step activation pattern that consists of the 

priming stage, followed by subsequent assembly and activation. The priming stage is initiated at 

the level of PRRs including TLRs following the recognition of various PAMPs such as foreign 

DNA and pathogenic molecules. This leads to the activation of downstream signaling cascades 

that promote the nuclear translocation of NF-κB which can interact with  NF-κB binding sites 

within the promotor region of various pro-inflammatory proteins including NLRP3, pro-IL-1β, 

and pro-IL-18 (124). Under basal conditions, these proteins are not abundantly expressed and 

therefore need to be transcriptionally “primed” before inflammasome assembly. Following the 

initial priming step, the second step of activation requires an additional stress signal which includes 

the presence of various PAMPs and DAMPs such as extracellular ATP, ROS, viral RNA, β-

amyloid, potassium efflux, monosodium urate crystals, and various other damage molecules (124, 

154). Following this signal, activated NLRP3 monomers can oligomerize into the classic 

inflammasome structure, allowing the interaction with ASC and recruitment of procaspase-1. This 

interaction leaves to the autocatalytic cleavage of procaspase-1 into its active form at aspartic acid 

residues, Asp296 and Asp315 in mice, to yield a p20 and p10 catalytic subunit. As an effector 

caspase, this activation has two main downstream effects that contribute towards a pro-

inflammatory environment. The first effect is the caspase-1 mediated cleavage of pro-

inflammatory cytokines, pro-IL-1β (Asp116) and pro-IL-18 (Asp36) into their mature and active 

forms. As members of the interleukin family, both cytokines are heavily implicated in the innate 

immune response through mediating different pathways. IL-1β is critical in the initiation of the 
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immune response by controlling fever, the stimulation of other cytokines, and the recruitment of 

additional immune cells through vasodilation, which has been demonstrated by the lack of acute 

inflammation in IL-1β KO mice when faced with various pathogens (155). In contrast, IL-18 is 

closely linked to the adaptive immune response through the production of IFNγ (156). 

Additionally, activation of the NLRP3 inflammasome contributes towards a pro-inflammatory 

form of lytic cell death termed “pyroptosis” through cleavage of the Gasdermin-D (GSDMD) 

molecule at Asp 276, releasing its active N-terminal fragment (GSDMD-N) that promotes pore-

formation, cell death and the subsequent release of IL-1β and IL-18 (157, 158). 

While this is the most well-understood pathway, it is important to recognize that other 

redundant signaling pathways can also converge upon NLRP3 inflammasome activation in the 

absence of microbial infections. For example, while the priming step is often linked to the presence 

of PAMPS or toxins, such as the commonly used LPS, other stimuli such as TNF-α mediated 

signaling or additional damage molecules can also contribute towards sterile inflammatory 

responses (159, 160).  

5.3. Mitochondria and NLRP3 Inflammasome Activation  

While mitochondria are traditionally known as powerful metabolic hubs, an emerging role of 

mitochondria as prominent contributors to the innate immune response has started to gain more 

attention. Due to the endosymbiotic origins of mitochondria, it is thought that they contribute to 

pro-inflammatory responses due to their structural similarities to bacterial organisms and ability 

to release endogenous damage molecules. For instance, several mitochondrial components have 

been implicated as mitochondrial DAMPS (mtDAMPS) that can be released under stressful 

conditions including ATP (161), cardiolipin (162), N-formyl peptides (163), ROS (164), and 

mtDNA (165). Specifically, many of these mtDAMPS have been linked to immune signaling, 
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immune cell infiltration and the direct activation of the NLRP3 inflammasome complex. In 

addition, several works have implicated mitochondria as scaffolding platforms for NLRP3 

assembly. Several works have shown that in the presence of various PAMPs and DAMPs, there is 

increased co-localization between the NLRP3 inflammasome and mitochondria as well as several  

mitochondrial proteins that can facilitate physical interactions with NLRP3 such as Mfn2 and 

mitochondrial antiviral proteins (164, 166, 167).   

5.3.1. mtDNA as a mtDAMP 

In early works, Collins and colleagues highlighted that mtDNA could elicit inflammatory 

responses due to its susceptibility to oxidative damage and unmethylated CpG motifs. This was 

demonstrated following injections of oxidized mtDNA into the synovial joints of mice which 

resulted in an arthritic pro-inflammatory phenotype through the upregulation of NF-κB signaling, 

which was not seen with the addition of nuclear DNA (168). Later works by Shimada et al., further 

expanded the role of mtDNA as a specific activator of the NLRP3 inflammasome complex in bone-

marrow derived macrophages (BMDMs). Through a diverse range of experiments, they 

demonstrated that oxidized mtDNA, identified by the marker of DNA oxidation 8-OHdG, can 

directly bind to the NLRP3 protein to promote inflammasome activation (169). This is further 

supported by several studies that have shown mtDNA release and a subsequent pro-inflammatory 

response following mitochondrial outer membrane permeabilization mediated by the Bak/Bax 

pore and VDAC oligomerization. This response was also blunted by the overexpression of the 

anti-apoptotic Bcl-2 protein, implicating mitochondrial permeabilization in augmenting 

inflammatory processes (24, 170). Following its release, mtDNA can then interact with various 

PRRs including NLRs, cGAS, and TLRs to initiate inflammatory signaling via primarily NF-κB 

signaling and the type I interferon response.  
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Several studies have investigated the role of mitochondrial quality control mechanisms in 

mitigating mitochondrial dysfunction and subsequent mtDNA release to elucidate the importance 

of mitochondrial health in inflammation. Irazoki and colleagues demonstrated that excessive 

mitochondrial fragmentation via the knockdown of fusion protein Mfn1 led to increased VDAC-

mediated mtDNA release and the upregulation of endosomal TLR9 signaling and NLRP3 

inflammasome components. This pro-inflammatory phenotype subsequently had detrimental 

effects of skeletal muscle performance, which was mitigated upon the inhibition of NF-κB 

signaling (171). Furthermore, autophagy plays an essential role in the degradation of potential 

DAMPs and impeding their ability to evoke inflammatory responses. Several groups have 

demonstrated that impairments in autophagy processes stimulated by the absence of BNIP3 and 

beclin-1 have also been linked to an accumulation of mtDNA and ROS, which drives TLR9 

inflammatory signaling (165, 172). The protective role of mitophagy can further be demonstrated 

through the use of mitophagy inducers such as the nutraceutical Urolithin A, which has been shown 

to attenuate the release of mtDNA and downstream inflammatory responses (126). 

5.3.2. mtROS  

In addition to mtDNA, another well-established mtDAMP is mitochondrial reactive oxygen 

species (mtROS). As discussed earlier, due to their role in energy production and the presence of 

the electron transport chain, mitochondria can produce large amounts of mtROS in cases of 

dysfunction or metabolic disturbances. In 2010, Zhou et al., established a link between the 

mitochondria, mtROS, and NLRP3 inflammasome activation in BMDMs. They demonstrated that 

the inhibition of Complex III in the electron transport chain led to a pronounced upregulation of 

mtROS and NLRP3 inflammasome activation, which was attenuated with NLRP3 and caspase-1 

knockout (164). While the specific site of mtROS and NLRP3 inflammasome activation has not 
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been fully identified, the crystal structure of NLRP3 demonstrates disulfide bonds between 

cysteine residues that could be potentially regulated through oxidative stress (149). Through 

investigating possible mechanisms of ROS-mediated inflammasome activation, several works 

have identified a role for Thioredoxin-interacting protein (TXNIP), which as the name suggests, 

usually remains bound to the antioxidant Thioredoxin and inhibits its activity. However, in a ROS-

dependent manner, this interaction is disrupted and TXNIP can bind to the NLRP3 protein at its 

LRR region to induce NLRP3 inflammasome activation in BMDMs (173). Within skeletal muscle, 

the upregulation of this ROS-TXNIP-NLRP3 axis has been associated with chronic inflammasome 

activation and impairments in glucose uptake following high-fat feeding, indicating the broader 

impacts of NLRP3 inflammasome overactivation (174, 175). 

However, while it has been made clear that there is a strong relationship between mitochondria 

and NLRP3 inflammasome, there is some conflicting evidence as to whether mitochondrial 

dysfunction is a cause or consequence of NLRP3 inflammasome activation. For instance, Park and 

colleagues found that the knockdown of the mitochondrial fission GTPase, DRP1, was associated 

with increased activation of the NLRP3 inflammasome, mtROS, and mtDNA release in response 

to ATP treatment. However, similar to findings from Nakahira et al., the inhibition of caspase-1 

prevented mitochondrial fragmentation and the release of mtDNA, which suggests that 

mitochondrial damage can be a consequence of inflammasome activation (165, 176). Furthermore, 

the treatment of C2C12 myotubes with LPS was also associated with mtROS production, however, 

this was blunted in the presence of NLRP3 inhibitor, MCC950 (177). In contrast to this, other 

studies have demonstrated that mtROS production and the binding of released mtDNA to NLRP3 

occurs independent of caspase-1 activity, suggesting the upstream involvement of mitochondrial 

damage prior to inflammasome activation (165, 169).  
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Overall, these studies underscore the role of mitochondria in mediating NLRP3 inflammasome 

activation in various cell types. While NLRP3 inflammasome activation can be beneficial in host 

protection and the propagation of innate immune responses, chronic activation become 

dysregulated and have deleterious effects on health. This can be seen through the spectrum of 

conditions including cryopyrin-associated periodic syndromes, muscular dystrophy, insulin 

resistance and cancer. By further elucidating the mechanisms surrounding mitochondrial-mediated 

DAMP release, it can introduce several sites of potential intervention to regulate the NLRP3 

inflammasome complex and maintain cellular homeostasis.   
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Figure 3. Canonical mechanism of NLRP3 Inflammasome Activation. To maintain tight 
regulation of its activity, the NLRP3 inflammasome complex is generally activated by a two-step 
activation mechanism of priming and subsequent assembly. The priming stage is mediated by the 
recognition of various extracellular and intracellular DAMPs/PAMPs. This promotes the nuclear 
translocation of NF-κB, where it can bind to NF-κB binding sites located within the promoter 
regions of various pro-inflammatory genes involved in the NLRP3 inflammasome pathway. 
Following the priming stage, inflammasome assembly requires an additional signal which can be 
mediated by the accumulation of various DAMPs such as mtDNA and mtROS. These damage 
molecules can be released from poorly functioning mitochondria via various mitochondrial pores. 
The recognition of this stimuli promotes the assembly of NLRP3, ASC and procaspase-1 into the 
active NLRP3 inflammasome complex and leads to the subsequent cleavage of procaspase-1. The 
enzymatically active caspase-1 leads to the cleavage of GSDMD and pro-inflammatory cytokines, 
pro-IL-1β and pro-IL-18, which releases GSDMD-N and the mature IL-1β and IL-18. GSDMD-N 
contains the ability to form pores within the plasma membrane to induce pyroptosis by disrupting 
osmotic pressure and promoting cellular swelling. Pyroptosis enables the release of DAMPs, 
PAMPs and pro-inflammatory cytokines to amplify to induce a larger local inflammatory response.  
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5.4. NLRP3 Adaptations to Skeletal Muscle Disuse  

5.4.1. Muscle Denervation  

As outlined in Section 3, muscle denervation is an severe model of muscle disuse that is often 

characterized by reductions in muscle strength, increased atrophy, and impairments in 

mitochondrial health (71). Due to the adaptable nature of the mitochondrial reticulum, prolonged 

periods of muscle disuse can contribute to increased fragmentation, impaired energy production, 

and an accumulation of mtDAMPs that can amplify immune responses. Following muscle disuse 

by peripheral nerve injury, skeletal muscle transitions towards a pro-inflammatory environment 

that involves immune cell infiltration and the production of cytokines such as IL-6 and TNF-α, 

which can further propagate signaling toward muscle atrophy (178). In addition, other studies have 

demonstrated an active role for NLRP3 inflammasome activation in response to various inducers 

of muscle atrophy including IL-1β and angiotensin-II treatment, which can be attenuated by 

NLRP3 KO or the upregulation of anti-inflammatory signaling (179, 180). However, while the 

role of the NLRP3 inflammasome has been explored in the context of skeletal muscle atrophy, 

there is still a lack of information surrounding its involvement in skeletal muscle denervation. A 

study by You et al., demonstrated that 14-28 days of skeletal muscle denervation was sufficient to 

induce NLRP3 inflammasome activation and downstream components including caspase-1, 

GSDMD-N, IL-1β and IL-18. Furthermore, this was associated with an upregulation of atrogenes, 

Murf-1 and Atrogin-1, which can upregulate protein degradation through the ubiquitin-proteosome 

system to stimulate muscle atrophy. However, the absence of NLRP3 blunts these responses 

suggesting that the NLRP3 inflammasome activation can contribute to denervation-induced 

skeletal muscle atrophy (181). While this study implicates the NLRP3 inflammasome in mediating 
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skeletal muscle adaptations to denervation, more work needs to be done to understand the 

relationship between mitochondrial health and this pro-inflammatory environment.  

5.4.2. NLRP3 Inflammasome in the Aging Phenotype  

In 2000, Franceschi and colleagues coined the term “inflammaging” which has since expanded 

to describe the pro-inflammatory environment observed with the progression of age. Generally, 

this is characterized by chronic systemic inflammation that is mediated by an increased processing 

of pro-inflammatory receptors and cytokines, as well as reductions in anti-inflammatory signaling 

(113, 182). Basally with age, several immune factors are upregulated including the expressions of 

various TLRs, MyD88, and NF-κB components, which suggest an increased drive towards pro-

inflammatory signaling in skeletal muscle (183). Furthermore, as previously mentioned, aged 

muscle often suffers from increases in protein catabolism and deficits in mitochondrial function 

leading to reductions in skeletal muscle mass. Due to its involvement in activating caspases and 

inflammatory cell death, several studies have aimed to characterize the potential role of NLRP3 

inflammasome activation in age-related sarcopenia. Work done by Mcbride et al., and Antuña et 

al., have demonstrated basal increases in several proteins associated with NLRP3 inflammasome 

signaling including caspase-1 and IL-1β, which was associated with reductions in myofiber size 

and the increased circulation of DAMPs including extracellular ATP (184, 185). However, in the 

absence of NLRP3, 24-month old mice were protected from age-related losses in muscle mass in 

specifically type II fibers, which was also associated with improvements in physical performance 

(184). Furthermore, several deficits in mitochondrial quality control processes have also been 

implicated in the observed inflammation with age. For instance, a reduced drive towards 

mitophagy with age is associated with an accumulation of dysfunctional mitochondria and 

subsequent activation of TLR9-NLRP3 and cGAS-STING mediated signaling. Interestingly, this 
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can be attenuated by enhancing the drive towards mitophagy through external agents or 

overexpressing mitophagy receptors such as BNIP3 (126, 172). Overall, the current literature 

provides some evidence of age-related increases in NLRP3 signaling within skeletal muscle, 

however, the connection between inflammasome activation and mtDAMPs, as well as the potential 

mitigation through exercise has yet to be investigated.  

5.4.3. NLRP3 Inflammasome Adaptations to Endurance Training  

Exercise is generally considered to be “mitochondrial medicine” due to its ability to enhance 

the quality of the mitochondrial reticulum and skeletal muscle health. Seen consistently within 

literature, chronic endurance training has been associated with enhanced mitochondrial quality 

control mechanisms and reduced oxidative stress, ultimately contributing to an oxidative muscle 

phenotype (3, 56, 65). In relation to mtDAMPs, chronic training has been associated with 

reductions in mtROS production due to increased mitochondrial efficiency and an improved 

clearance of dysfunctional organelles. However, there is little evidence surrounding the impact of 

endurance training on mtDAMP release in skeletal muscle and the subsequent innate immune 

activation. In regards to the general inflammation, chronic endurance training has also been praised 

for its role in shifting the inflammatory environment through the upregulation of anti-inflammatory 

cytokines and suppression of pro-inflammatory cytokines (136). In addition, endurance exercise 

has been shown to induce PGC-1α expression, which has been linked to the repression of pro-

inflammatory NF-κB signaling in skeletal muscle, as well as the inhibition of NLRP3 

inflammasome activation by improving mitochondrial health in renal tubular epithelial cells  (186, 

187). While there is little to no evidence surrounding the effects of endurance training on the 

NLRP3 inflammasome activation within skeletal muscle, a few studies have demonstrating 

promising findings in other tissue types. For instance, in cardiomyocytes, 8 weeks of moderate 
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endurance training has been associated with reductions in mitochondrial stress as well as NLRP3 

inflammasome activation and IL-1β release in a model of cardiac overload hypertrophy (188). 

Furthermore, in a model of high-fat diet induced obesity, 14 weeks of voluntary wheel running 

was capable of attenuating NLRP3 inflammasome signaling and oxidative stress originating from 

NADPH oxidases (189). A similar reduction in inflammasome signaling can be observed in 

neuronal cells from a mouse model of Parkinson’s disease and adipose tissue from obese mouse 

models, following 10 and 6 weeks of treadmill training, respectively (190, 191). Considering the 

highly adaptive nature of skeletal muscle mitochondria along with the effects of exercise training 

on the NLRP3 inflammasome complex in other tissue types, there is a strong foundation for further 

exploring this relationship within future studies. 
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RESEARCH OBJECTIVES 

Considering the current body of literature, the main research objectives of this thesis were to:  

- Assess changes in the mitochondrial reticulum following 7 days of muscle denervation 

using an in vivo mouse model; 

- Characterize NLRP3 inflammasome activation in denervated skeletal muscle to assess the 

innate inflammatory response; 

- Investigate changes in potential DAMPS within skeletal muscle following muscle disuse; 

- Assess basal effects of age in vivo on mitochondrial health and adaptations to endurance 

training; 

- Elucidate basal NLRP3 inflammasome activation in young and aged skeletal muscle, and 

investigate whether 6 weeks of endurance training can alter the inflammatory profile; 

- Characterize changes in DAMPS with age, as well as in response to chronic endurance 

training; 

HYPOTHESES 

We hypothesized that:  

- Mitochondrial content and function will decrease following 7 days of skeletal muscle 

disuse; 

- The NLRP3 inflammasome will be responsive to muscle disuse through changes in protein 

expression; 

- Muscle denervation will augment mitochondrial dysfunction leading to an increased 

production of DAMPS; 

- Aging muscle will demonstrate reductions in mitochondrial health basally, which will be 

improved in young and aged muscle following 6 weeks of endurance training;  



   42 

- Basally, aging muscle will exhibit increased NLRP3 inflammasome activation at the 

protein level. The expression of NLRP3 inflammasome components will be attenuated in 

both young and aged muscle following the exercise training period; 

- Endurance training will reduce the production of DAMPS within skeletal muscle, which 

will contribute towards a reduced inflammatory profile in both age groups; 
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ABSTRACT 

Skeletal muscle function heavily relies on the intricate mitochondrial reticulum that contributes 

towards its unique plasticity. As a component of the innate immune system, the NLRP3 

inflammasome complex has been recognized in its ability to respond to various mitochondrial 

damage-associated molecular patterns, however, its relation to mitochondrial dysfunction within 

skeletal muscle still requires further exploration. The purpose of this study was to characterize 

innate immune signaling and mitochondrial function in response to skeletal muscle disuse and use. 

To study a severe form of muscle disuse, we utilized a sciatic nerve transection, which was 

associated with decreases in hindlimb muscle mass, mitochondrial content, and impaired 

respiration. In conjunction, western blotting and ELISA revealed increases in NF-κB p65 subunit, 

and downstream inflammasome components including NLRP3, procaspase-1, caspase-1, 

GSDMD, GSDMD-N, and pro-inflammatory cytokine IL-1β.  Other pathways that could further 

stimulate innate immune activation such as STING protein expression and pro-apoptotic BAX and 

AIF protein were also upregulated. When assessing potential DAMPS, denervation was associated 

with increased ROS production, but no changes in cytosolic mtDNA levels. Since we suspected 

that inflammasome activation would be increased with age, we studied young (6-7 months) and 

aged (21-22 months) mice and subjected them to a 6-week voluntary wheel running protocol. 

Training adaptations were apparent, especially within the aged animals, through the preservation 

of hindlimb muscle mass and improvements in oxygen consumption and endurance performance. 

Furthermore, we observed an effect of training on attenuating age-related increases in NLRP3, 

procaspase-1, caspase-1, and GSDMD protein expression, which was similarly observed with both 

STING and BAX protein expression. However, no changes in ROS and cytosolic mtDNA were 

detected. However, this work demonstrated that aged muscle displays increased innate immune 
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adaptability despite reduced exercise capacity. By demonstrating that the NLRP3 inflammasome 

complex is responsive to skeletal muscle activity, this work could implicate endurance training as 

a promising therapeutic for combatting age-related inflammation and skeletal muscle dysfunction. 

 
Keywords: mitochondria, aging, denervation, endurance training, NLRP3 Inflammasome  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   59 

INTRODUCTION 

Skeletal muscle is a dynamic organ that plays a critical role in whole-body metabolism, 

locomotion, and structural stability (1). As an essential component of skeletal muscle health, the 

mitochondrial reticulum has been increasingly recognized for its remarkable plasticity, allowing 

skeletal muscle to adapt to changing metabolic needs (1). The innate immune system is another 

highly reactive network that aids in the recognition and response towards harmful stimuli, 

ultimately promoting cellular homeostasis and survival (2). While often underappreciated, the 

immune system is heavily involved in maintaining skeletal muscle health by mediating muscle 

regeneration, pathogenic invasion, and acute muscle damage (3, 4). However, while this response 

is beneficial for short-term recovery, chronic inflammation has been linked to detrimental impacts 

on skeletal muscle function and mass, and the development of various conditions (5, 6). As a 

primary component of the innate immune system, the NLRP3 inflammasome complex has been 

gaining increased attention for its role in recognizing and responding to a variety of pathogen-

associated molecular patterns (PAMPs) and endogenous damage-associated molecular patterns 

(DAMPs) including viral RNA, ROS, bacterial antigens and ion fluctuations (7). To carefully 

regulate its activation, the NLRP3 inflammasome complex generally uses a two-step activation 

process including priming and subsequent assembly. The priming stage is initiated by the 

recognition of DAMPs and PAMPs by pattern recognition receptors  (PRRs) such as Toll-like 

receptors and the cGAS-STING pathway (8, 9). This promotes the nuclear translocation of NF-

κB, which aids in the transcriptional upregulation of NLRP3, pro-IL-1β and pro-IL-18. Following 

this step, a second signal initiates the assembly of the multi-protein complex comprised of NLRP3, 

apoptosis speck-like protein (ASC), and the cysteine protease procaspase-1. The formation of the 

NLRP3 inflammasome complex ultimately leads to the maturation of IL-1β, IL-18, and pyroptosis 
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initiator Gasdermin-D to aid in the destruction of dysfunctional cells and promote the secretion of 

pro-inflammatory factors to mount a local immune response (7, 10).  

Due to the dynamic nature of skeletal muscle mitochondria, there has been an increased focus 

on investigating how mitochondrial adaptations can influence NLRP3 inflammasome activation 

and skeletal muscle health. Specifically, due to their roles as vital signaling hubs, skeletal muscle 

mitochondria have been implicated in the release of several DAMPS (mtDAMPS) including ROS, 

mitochondrial DNA (mtDNA) and cardiolipin, that can stimulate an innate immune response (11).  

Chronic skeletal muscle disuse, which is often observed in conditions such as paralysis and aging, 

is associated with increased mitochondrial dysfunction and poor muscle function (12). Due to a 

fragmented mitochondrial reticulum and the accumulation of mtDAMPs such as mtROS and 

mtDNA, prior literature has observed a pro-inflammatory profile and skeletal muscle wasting 

following periods of chronic disuse that is augmented by increased NLRP3 inflammasome activity 

(13, 14). In addition, the natural progression of aging is also associated with similar adaptations 

including impairments in several mitochondrial quality control processes, leading to a chronic state 

of low-grade inflammation which has been coined “Inflammaging” (15). The NLRP3 

inflammasome complex has been implicated in contributing to this pro-inflammatory environment 

within skeletal muscle as the overactivation of caspase-1 increased muscle atrophy alongside 

reductions in force and endurance, which was rescued upon NLRP3 KO (16). In contrast, chronic 

exercise has been widely considered one of the best interventions for skeletal muscle by promoting 

an interconnected mitochondrial reticulum that is characterized by improved mitochondrial 

functioning and the reduced production of damage molecules such as ROS (17). In other tissue 

types, long-term aerobic training has been associated with a reduced inflammatory environment 

and a decreased drive toward NLRP3 inflammasome activation (18, 19). However, the relationship 
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between chronic exercise, skeletal muscle health, and NLRP3 inflammasome activation has yet to 

be explored.  

These findings have prompted us to further investigate the relationship between mitochondrial 

adaptations and NLRP3 inflammasome activation in vivo using mouse models of chronic muscle 

disuse and chronic use to elucidate the impact of these opposing stimuli. In this study, we induced 

muscle disuse through a hindlimb denervation procedure performed on young wild-type (WT) 

mice and analyzed various parameters of mitochondrial function and NLRP3 inflammasome 

activation. In addition, recognizing that hindlimb denervation is an extreme model of muscle 

disuse, we also investigated aging as a more realistic condition associated with skeletal muscle 

dysfunction and immune dysregulation by using 21-22 month aged mice to establish the basal 

influence of age on innate immune signaling. Furthermore, as chronic exercise has been shown to 

possess anti-inflammatory effects, we decided to superimpose a 6-week voluntary wheel running 

protocol with our aging model to investigate whether exercise influenced NLRP3 inflammasome 

activation within skeletal muscle. Briefly, our findings indicate a positive relationship between 

skeletal muscle disuse, maladaptive mitochondrial adaptations, and activation of the NLRP3 

inflammasome complex within skeletal muscle. In contrast, chronic exercise leads to 

improvements in skeletal muscle function and an attenuation of innate immune signaling in 

particularly the aged mice, despite a reduced exercise capacity compared to their young 

counterparts. Thus, these findings highlight a promising relationship between skeletal muscle 

metabolic conditions, mitochondrial health and innate immune signaling that can be further 

explored.  
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METHODS 

Animals. All mice were obtained from Jackson Laboratories and housed in the York University 

vivarium with a 12:12h light-dark cycle and open access to food and water. Approval for all 

experiments was obtained from the York University Animal Care Committee. For the denervation 

study, male FVB mice were 3-6 months at the time of tissue collection. For the voluntary wheel 

running study, young mice were 6-7 months, and aged mice were 21-22 months at the time of 

tissue collection.   

Sciatic Transection Surgery. At 3-6 months of age, male wild-type FVB mice were subjected to 

a sciatic nerve transection to induce hindlimb muscle denervation. Briefly, mice were anesthetized 

using isoflurane, and a small incision was made to reveal the sciatic nerve. In the denervated limb, 

a 2-3 mm section of the nerve was transected, and the incision was subsequently closed. The 

contralateral limb was sham-operated and used as an internal control. For post-surgery pain 

management, mice were given subcutaneous injections of Metacam for two days post-surgery 

(Day 1: 2µg/g body weight; Day 2: 1µg/g body weight). Additionally, all mice were also provided 

Baytril (25mg/100mL) within their water to reduce the risk of infection for the denervation period. 

After 7 days following denervation, the hindlimb muscles were collected and flash-frozen in liquid 

nitrogen for subsequent analysis.  

Voluntary Wheel Running. Male young (4-5 months) and old (19-20 months) C57BL6/J mice 

were randomly assigned to either a sedentary control group or a training group, so that they were 

approximately 6-7 months and 21-22 months at the time of tissue collection. Mice assigned to the 

training group had their cages fixed with a freely rotating running wheel for the remainder of the 

training intervention. Animals were given a one-week acclimatization period followed by a 6-week 

training period where revolutions were recorded by a magnetic counter. Distance in kilometres 
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was calculated by multiplying the circumference of the wheel by the number of revolutions 

(sample calculation listed in Appendix C). Any animals that did not engage with the running wheel 

during the acclimatization period were reassigned to the untrained group.  

Acute Endurance Testing Protocol. An acute treadmill endurance test was performed for all 

animals before and after the intervention period. Mice were acclimatized to the treadmills for two 

consecutive days before testing (Day 1: 0 m/min for 5 minutes, 5 m/min for 5 mins, 10 m/min for 

5 minutes; Day 2: 0 m/min for 5 minutes, 5 m/min for 5 minutes, and 10 m/min for 10 minutes). 

To avoid injury to the aged animals, the aged animals were tested with a less vigorous treadmill 

protocol compared to their young counterparts. Exhaustion was defined as the inability to remain 

on the treadmill despite prodding. Total distance and time ran were used to calculate percent 

changes as a measure of endurance improvement. The protocols used are listed in Table C1.      

Muscle Protein Extraction. Protein extracts from the tibialis anterior were prepared from 25-30 

grams of flash-frozen mouse muscle. The tissue was immersed in a Sakamoto Extraction Buffer 

(20mM HEPES, 2mM EGTA, 1% Triton X-100, 50% Glycerol, 50mM B-Glycerophosphate) 

containing protease and phosphatase inhibitors (Sigma) to prevent protein degradation. The tissue 

was then mechanically homogenized using a Tissue Lyser (Qiagen) at a frequency of 30Hz in one-

minute intervals until a uniform homogenate was obtained. To isolate the protein extract, the 

homogenized tissue was centrifuged at 14000g for 10 minutes at 4ºC, and the resulting supernatant 

was stored at -80ºC until further analysis.  

Mitochondrial and Cytosolic Fractionation. Immediately following collection, gastrocnemius 

muscle was immersed in a Mitochondrial Isolation Buffer (Appendix C). The muscle was minced 

on a glass plate over ice and subsequently homogenized using a Dounce homogenizer (Fisher 

Scientifics). The resulting homogenate was centrifuged at 1200g for 15 minutes, and the resulting 
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supernatant was collected and centrifuged at 21000g for 20 minutes to obtain a mitochondrial 

pellet and cytosolic fraction. The mitochondrial pellet was resuspended in 100µL of the 

mitochondrial isolation buffer and centrifuged at 21000g for 20 minutes. The supernatant was 

discarded, and the final pellet was resuspended in 20-40µL of buffer to obtain the final 

mitochondrial fraction. The cytosolic fraction was centrifuged twice at 21000g, where the 

supernatant was transferred to a new 1.5mL eppendorf tube following each spin to obtain the final 

cytosolic fraction. All centrifugation steps were performed at 4ºC. Both the mitochondrial and 

cytosolic fractions were stored at -80ºC until further analysis. Protein concentrations were assessed 

using a Bradford protein assay and purity was confirmed by western blotting using mitochondrial 

content markers COX-IV and VDAC, to ensure minimal mitochondrial contamination within the 

cytosolic fraction (Supplementary figure B3).   

Western Blotting. Protein concentrations were determined using a Bradford protein concentration 

assay and a plate reader. For western blotting, 15-90µg of protein was loaded onto a 10-15% SDS-

page gel and the proteins were separated by molecular weight using electrophoresis at 120 volts 

for approximately 90 minutes. The protein was then transferred to a nitrocellulose membrane and 

stained using Ponceau red to ensure proper transfer and for subsequent normalization. The 

membranes were then blocked with 5% skim milk in 1xTBS-T for an hour and incubated with the 

specific primary antibody overnight at 4ºC. The following day, the blots were washed with TBS-

T (5 minutes x 3 washes) and incubated with the corresponding secondary antibody for 1 hour at 

room temperature. All antibodies used in this study are listed in Table 2. The blots were washed 

again (5x3) and imaged using enhanced chemiluminescence via the iBright CL1500 Imaging 

System. All samples were normalized to the corresponding ponceau to correct for protein loading.  
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Antibody List 

Antibody Target Manufacturer Catalogue # Molecular Weight 

(kDa) 

COX-IV Abcam ab14744 15 

COX-I Abcam ab14705 39 

VDAC Abcam ab14734 32 

MURF-1 Santa Cruz sc-398608 50 

GADD-45α Santa Cruz sc-6850 22 

NF-κB p65 Santa Cruz sc-8008 65 

NLRP3 Abcam ab270449 ~120 

Procaspase-1/Caspase-1 Abcam ab138483 Procaspase-1: 51 

Caspase-1 p20: 25 

GSDMD/GSDMD-N terminal 

fragment 

Abcam ab219800 Gasdermin-D: 53 

Gasdermin-D N: ~32 

STING Cell Signaling 50494S 37 

BAX Santa Cruz sc-7480 26 

AIF Santa Cruz sc-13116 60 

HRP-linked Anti-Mouse Secondary Cell Signaling  7074S - 

HRP-linked Anti-Rabbit Secondary Cell Signaling  7076S - 

Goat anti-Rabbit Secondary Abcam ab6721 - 

Table 1: Antibodies used for western blotting.  
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ELISA. The Mouse IL-1β/IL-F2 Duoset ELISA kit (R&D Systems) was used to assess the protein 

levels of IL-1β. Using a 96-well plate, the IL-1β capture antibody was added to each well and 

incubated overnight. The following day, each well was washed and blocked with 1% BSA for 1 

hour. Following this incubation, the plate was washed, and the corresponding skeletal muscle 

extracts and protein standard (15-1000 pg/mL) were incubated for 2 hours. Afterward, the IL-1β 

detection antibody was added and incubated for 2 hours. The Streptavidin-HRP conjugate was 

added to the wells and incubated, followed by the addition of a 1:1 hydrogen peroxide and 

tetramethyl benzadine substrate mixture for 20 minutes. Finally, the stop solution was combined, 

and the resulting absorbance was measured using a plate reader at 450nm and 570nm. To correct 

for optical inconsistencies and baseline absorbance, the 570nm values were subtracted from the 

450nm measurements, and the blank solution absorbance was subtracted from the resulting values. 

To assess the concentration of IL-1β within the samples, the measured concentrations were 

compared to the standard curve and corrected for their respective dilution factor. All incubations 

took place at room temperature.  

gDNA Extraction. Genomic DNA was isolated from gastrocnemius muscle and the corresponding 

cytosolic fraction for qPCR analysis using the DNeasy Blood and Tissue Kit (Qiagen) as per the 

manufacturer’s instructions. For the whole muscle extraction, ~18-25 mg of frozen muscle was 

immersed in 180µL of Buffer ATL and 20µL of proteinase K and incubated at 56ºC for 1 hour and 

20 minutes. Afterwards, 200µL of Buffer AL and 200µL of absolute ethanol were added, and the 

resulting mixture was added to the provided DNeasy spin column. The mixture was then 

centrifuged at 6000g for 1 minute, washed with 500µL of Buffer AW1, and spun again at 6000g 

for 1 minute. Following this spin, 500µL of Buffer AW2 was added and the mixture was 

centrifuged at 20000g for 3 minutes. To elute the DNA, 120µL of Buffer AE was added for 1 
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minute, and centrifuged for 6000g for 1 minute. The resulting gDNA was collected and stored at 

-20ºC. For the cytosolic gDNA extraction, 200µL of the cytosolic fraction was combined with 

20µL of proteinase K and 200µL of buffer AL, before being incubated at 56ºC for 10 minutes. For 

the remaining steps, the same protocol was followed as for the gDNA extraction from whole tissue. 

Due to lower concentrations, the cytosolic gDNA was eluted in 70-100µL and stored at -20ºC. The 

resulting concentrations were measured using the NanoDrop 2000 and the cytosolic and 

gastrocnemius samples were diluted to equal concentrations, respectively.  

Qualitative Polymerase Chain Reaction. To analyze the genes of interest, forward and reverse 

primers were created and optimized to the corresponding set of samples (Table 3). mRNA 

expression was measured using the StepOnePlus Real-time PCR system (Applied Biosystems) 

with the SYBR Green qPCR Master Mix (Sigma). Each well plate contains 25µL of reaction 

volume consisting of sterile water, the corresponding forward and reverse primers (20µM) and 

2µL of gDNA. All samples are run in duplicates to increase reliability. The resulting gene 

expression is then normalized to the housekeeping gene GAPDH. Quantification is done by 1) 

Calculating the ΔCycle Threshold (CT) = mean CT of gene of interest – mean CT of housekeeping 

genes, 2) The resulting fold change is calculated by 2(-ΔCT). The obtained whole muscle fold 

changes were corrected to account for the increased dilution factor in the whole muscle samples 

compared to the cytosolic fractions.  

List of Forward and Reverse Primers 

Gene of Interest Forward Sequence Reverse Sequence 

16s rRNA  5’-AAC ACT GAG CAT CTC CCT CA-3’ 5’-GTG GGT GCA GCG AAC TTT AT- 3’ 

GAPDH 5’-CTA GAA ACC CCG AAA CCA AA-3’ 5’-CCA GCT ATC ACC AAG CTC GT- 3’ 

Table 2: qPCR primers used in the analysis of mitochondrial DNA.  
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High-resolution Respiratory and H2O2 Production. A small portion of the tibialis anterior muscle 

was collected and immediately stored in a cold BIOPS buffer (2.77mM CaK2EGTA, 7.23mM 

K2EGTA, 5.77mM Na2ATP, 6.56mM MgCl2 hexahydrate, 20mM Taurine, 15mM 

Na2Phosphocreatine, 20mM Imidazole, 0.5mM Dithiothreitol, 50mM MES Hydrate).  The muscle 

fibers were teased apart and permeabilized in a BIOPS buffer with 40µg/µL Saponin for 30 

minutes at 4ºC on an orbital shaker with constant motion. The fiber bundles were then washed 

twice in Buffer Z (105mM K-MES, 30mM KCl, 10mM KH2PO4, 5mM MgCl2 hexahydrate, 1mM 

EGTA, 5mg/mL BSA). Following this preparation, the fibers were incubated in Buffer Z with 1µL 

Blebbistatin to avoid tetanic contractions (B592500, Toronto Research Chemicals), 10µM 

Amplex-Red (A36006, Thermofisher), 25 U/mL Cu/Zn SOD1 to convert any superoxide 

molecules to H2O2, and 2mM EGTA. For ROS measurements, 0.5U horseradish peroxidase and 

0.1µM H2O2 were added to the chamber for calibration. To obtain measurements for various states 

of respiration, high-resolution respirometry was used (Power Oxygraph 2k-Fluorospirometer, 

Oroboros Instruments) and substrates were added in the following order: 1) Complex I inactive: 

pyruvate and malate, 2) Complex I active: ADP, and 3) Complex I+II active: succinate. All 

respiration and ROS emission measurements were corrected to the muscle fiber dry weight.  

Statistical Analysis. All data was analyzed using GraphPad Prism 9.0, and values were expressed 

as mean ± standard deviation. The differences between the denervated and contralateral limb was 

assessed using a student’s paired t-test. For the VWR study, all data was analyzed using a two-

way ANOVA with a Tukey’s post-hoc test to assess differences between groups. Statistical 

significance was considered as p < 0.05.  All figures included in this manuscript were created using 

Microsoft PowerPoint and BioRender.com.  
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RESULTS 

7 days of muscle denervation alters skeletal muscle and mitochondrial functioning.  To induce 

muscle disuse, a sciatic nerve transection was performed (Figure 1A). Following 7 days of muscle 

denervation, there was a moderate reduction in total hindlimb muscle mass (Figure 1C, p<0.0001), 

but no reduction in total body weight (Figure 1B). This effect can be seen consistently across 

skeletal muscles of various fiber types including mixed muscles such as the tibialis anterior (Figure 

1D, p<0.0001) and gastrocnemius (Figure 1F, p<0.001), as well as highly oxidative muscles like 

the soleus (Figure 1E, p<0.0001). To further confirm the presence of muscle atrophy, the protein 

expression of several muscle atrophy markers were assessed. Muscle denervation induced a drastic 

increase in the expression of the E3 ubiquitin ligase, MURF1 (p<0.001) and muscle atrophy 

inducer, GADD45α (Figure 1G, p<0.05) which indicates increased signaling towards muscle 

degradation.  
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Figure 1: Skeletal muscle characteristics following 7 days of muscle denervation. Study design 
for the induction of skeletal muscle disuse using a sciatic nerve transection (A). Differences in 
body weight before and after denervation surgery (B) (n=14). Total hindlimb muscle mass (C) and 
individual muscle weights of TA (D), SOL (E), and (F) GAST compared to sham-operated control 
(n=14). Representative western blot of MURF-1 and GADD-45α protein expression alongside the 
corresponding quantifications (G) (n=6). All measurements underwent a paired student’s t-test. *, 
p<0.05; ***, p<0.001; ****, p<0.0001). TA, tibialis anterior; SOL, soleus; GAST, gastrocnemius; 
CON, control; DEN, denervated. Values are expressed as mean ± SD. A portion of Figure 1A was 
created using BioRender.com.  
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Muscle denervation induces maladaptive changes within skeletal muscle mitochondria. To 

assess the impact of denervation on the mitochondrial reticulum, we evaluated several 

mitochondrial markers including the outer membrane protein VDAC, and a subunit of complex IV 

within the electron transport chain, COX-IV. Both content markers demonstrated reduced protein 

expression following the sciatic nerve transection indicating reduced mitochondrial content 

compared to the sham-operated control (Figure 2B, p<0.05; Figure 2C, p<0.01). Furthermore, to 

examine a functional parameter of the mitochondrial pool, respiration analysis was performed 

using O2k high-resolution respirometry. Muscle disuse led to impaired complex I inactive (Figure 

2D, p<0.05) and active respiration (Figure 2E, p=0.06) when supplemented with pyruvate/malate 

and ADP respectively, indicating maladaptive mitochondrial functioning.   

Figure 2: Skeletal muscle mitochondrial adaptations following 7 days of muscle denervation. 
Representative western blots of mitochondrial content markers, COX-IV and VDAC (A), 
alongside their corresponding quantifications (B, C) (n=6). Oxygen consumption rates during 
complex I (D), complex I active (E), and complex I+II active (F) states of respiration (n=3). Data 
was analyzed using a paired student’s t-test. *, p<0.05; **, p<0.01. CON, control; DEN, 
denervated; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane. Values 
are expressed as mean ± SD.  
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NLRP3 inflammasome activation is upregulated following 7 days of severe muscle disuse. To 

elucidate the effect of skeletal muscle disuse on NLRP3 inflammasome activation, the protein 

expression of various components of the signaling pathway were measured. Following 

denervation, there was a drastic increase in NF-κB subunit p65 expression, which partly drives the 

upstream transcriptional activation of the NLRP3 inflammasome complex (Figure 3A, 3B, 

p<0.0001). Next, to understand how the structural components of the NLRP3 inflammasome 

complex were affected, we measured the protein levels of NLRP3 and procaspase-1 protein. These 

results demonstrated a notable increase in NLRP3 (Figure 3C, p<0.01) and procaspase-1 protein 

expression (Figure 3E, p<0.01), demonstrating a larger capacity for inflammasome components. 

In addition, to characterize NLRP3 inflammasome activation within denervated skeletal muscle, 

downstream protein targets within the signaling pathway were measured. Muscle disuse led to an 

increased expression of caspase-1 p20 (Figure 3D, p<0.05), and its downstream targets GSDMD 

(Figure 3G, p<0.001) and its active N-terminal fragment, GSDMD-N (Figure 3F, p<0.05). 

Furthermore, disuse was also associated with increases in the pro-inflammatory cytokine IL-1β, 

suggesting an increased pro-inflammatory environment within the denervated hindlimb (Figure 

3H, p=0.05).  
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Figure 3: NLRP3 Inflammasome components following muscle denervation. Representative 
western blot of proteins involved in the NLRP3 Inflammasome signaling pathway (A), including 
NF-κB p65 (B), NLRP3 (C), Caspase-1 p20 (D), Procaspase-1 (E), GSDMD-N (F) and GSDMD 
(G) (n=6). Fold difference of IL-1β protein levels (DEN/CON) assessed by ELISA (H) (n=3). Data 
was analyzed using a paired student’s t-test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
CON, control; DEN, denervated; GSDMD, Gasdermin-D; GSDMD-N, Gasdermin-D N-terminal 
fragment. All values are expressed as mean ± SD. A portion of Figure 3H was created using 
BioRender.com.  
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Muscle denervation is associated with alterations in DAMP release and proteins involved in 

mitochondrial permeabilization. After establishing increased NLRP3 inflammasome activation in 

atrophied muscle, we decided to investigate the presence of DAMPs that could mediate the pro-

inflammatory environment. Using high-resolution respirometry, we assessed ROS emission by 

measuring H2O2 production. Denervation induced stark increases in ROS compared to the levels 

in the sham-operated control (Figure 4A, 4B, 4C, p<0.05). Another potent mtDAMP is the release 

of mtDNA from abnormally functioning mitochondria, which prompted us to measure the presence 

of mtDNA within the cytosolic and whole muscle fractions. As expected, the quantity of mtDNA 

within the gastrocnemius muscle significantly decreased following denervation (Figure 4D, 

p<0.05). However, the presence of mtDNA within the cytosolic fraction was also reduced in 

contrast to our original hypothesis (Figure 4E, p<0.05). As a result, the proportion of mtDNA 

within the cytosol corrected to whole muscle demonstrated no changes following the 7-day 

denervation period (Figure 4F). To investigate alternative pathways that have been previously 

implicated in NLRP3 inflammasome priming and activation, we decided to assess the cGAS-

STING DNA-sensing pathway. Following the period of muscle disuse, there were apparent 

increases in both cGAS (Supplementary Figure B2, p=0.05) and STING protein expression which 

demonstrated approximately a 3-fold increase (Figure 4H, p<0.0001). This could suggest an 

increased drive towards innate immune signaling machinery and potential activation of cytosolic 

DNA sensing pathways within denervated muscle. Lastly, as mitochondrial permeabilization via 

mitochondrial pores has been previously implicated in augmenting the release of DAMPs, we 

measured several proteins that are involved in this process. As seen in Figure 4I and 4J, denervation 

was associated with increases in the pro-apoptotic BAX and AIF protein expression when 
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corrected to mitochondrial content (p<0.01, p<0.05, respectively), which could demonstrate the 

induction of mPTP pore opening and permeabilization.  

Figure 4: Assessment of potential DAMPs and alternative pathways following muscle 
denervation. ROS emission under complex I (A), complex I active (B), and complex I+II active 
(C) respiration states (n=3). qPCR analyses of the 16s rRNA mtDNA gene within whole muscle 
(D), cytosol (E), and the ratio of cytosolic/whole muscle mtDNA (F) (n=8). Representative western 
blots of STING (H), Bax (I), and AIF (J), alongside the corresponding graphical quantifications 
(n=6). Data was analyzed using a paired student’s t-test. *, p<0.05; **, p<0.01; ****, p<0.0001. 
CON, control; DEN, denervated; Cyto, cytosolic; Gast, Gastrocnemius; All values are expressed 
as mean ± SD.  
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The aging phenotype exhibits decreased muscle mass which is recoverable with 6 weeks of 

voluntary wheel running. After obtaining promising results demonstrating NLRP3 inflammasome 

activation in denervated muscle, we decided to investigate the effects of aging and endurance 

training as shown in Figure 5A. Throughout the training period, the aged animals displayed a 

reduced capacity for endurance activity as shown by a lower total running distance compared to 

their young counterparts (Figure 3B, 3C, p<0.0001). To ensure that both cohorts demonstrated 

training adaptations, we assessed several physical characteristics of skeletal muscle. As shown in 

Figure 5D, the change in body weight taken before and after the intervention showed a main effect 

of age and training, with a significant effect of training within both groups (p<0.05). Furthermore, 

to gain an understanding of body composition we measured epididymal fat, which was markedly 

reduced within the young and aged trained mice compared to the untrained controls (Figure 5H, 

p<0.05). In addition, a main effect of training and age was also observed when measuring heart 

weight, which is a common measure of endurance training adaptations (Figure 5I, p<0.05). To 

assess a functional parameter of endurance, an acute treadmill test was performed before and after 

the 6-week training period. As shown in supplementary figure B6, the young and aged mice within 

the trained group showed significant improvements in their endurance capacity compared to the 

sedentary controls. To gain a better understanding of skeletal muscle characteristics, we also 

assessed the changes in muscle weight in the young and aged groups following training. Consistent 

across both mixed and oxidative fiber types including the tibialis anterior (Figure 5E), 

gastrocnemius (Figure 5F), and soleus (Figure 5G), there was a main effect of age and training 

indicating reductions in muscle mass basally with age and improvements in both age groups 

following training. As the aged mice demonstrated similar training adaptations despite a lower 

exercise quantity, we compared the extent of their adaptations normalized to the total distance run. 
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Interestingly, the aged mice tended to display a larger degree of adaptation in hindlimb muscle 

mass compared to their young counterparts (Supplementary Figure B4, p=0.06).  

Aging exhibits altered mitochondrial quality, which is improved with exercise training. To assess 

changes in skeletal muscle mitochondria, we assessed changes in mitochondrial content markers 

COX-IV and COX-I, as subunits of complex IV in the electron transport chain. COX-I protein 

demonstrated a significant main effect of age (Figure 6C, p<0.01), with no changes in COX-IV 

protein expression (Figure 6B). Furthermore, as a functional measure of mitochondrial quality, we 

measured oxygen consumption within permeabilized muscle fibers. Consistent with the trend 

observed for muscle mass, there was an observed main effect of training in all respiration states 

(Figure 6D, 6E, 6F, p<0.01). Furthermore, the post-hoc test revealed a significant increase in 

oxygen consumption within the aged animals following training (Figure 6D, p<0.05; Figure 6E, 

p<0.01; Figure 6F, p<0.01.  
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Figure 5: Physical characteristics in young and aged mice following 6 weeks of voluntary 
wheel running. Study design (A). Total distance ran over the 6-week training period for young 
and aged animals (km) (B) (n=6). Weekly running distance plotted per week (km) (C). % body 
weight change following the intervention in young and aged animals with and without training (D) 
(n=4-7). Individual muscle weights of TA (E), GAST (F) and SOL (G) corrected to body weight 
(n=4-7). Epididymal fat measurements compared across groups corrected to total body weight (H).  
Heart weight measurements between groups corrected to body weight (I) (n=4-6). Running 
differences were compared using an unpaired student’s t-test. Body composition was compared 
using a two-way ANOVA. A, main effect of age; T, main effect of training. *, p<0.05; **, p<0.01; 
***, p<0.001; ****, p<0.0001. TA, tibialis anterior; SOL, soleus; GAST, gastrocnemius. Values 
are expressed as mean ± SD. A portion of Figure 5A was created using BioRender.com.  
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Figure 6: Mitochondrial adaptations in young and aged mice following the 6-week training 
period. Representative western blots of mitochondrial content markers COX-IV and COX-I (A), 
alongside the corresponding quantifications (B,C) (n=4-6). Oxygen consumption rates during 
complex I (D), complex I active (E), and complex I+II active (F) states of respiration (n=4-8). All 
values were analyzed using a two-way ANOVA. A, main effect of age; T, main effect of training. 
*, p<0.05; **, p<0.01. Values are expressed as mean ± SD. 
 
Aged skeletal muscle demonstrates an increased pro-inflammatory environment, which is 

attenuated with exercise training. After confirming that the aged animals underwent 

mitochondrial and skeletal muscle adaptations following the exercise protocol, we assessed the 

innate inflammatory environment within skeletal muscle by measuring markers of NLRP3 

inflammasome activation.  As an upstream measure of transcriptional activation, we observed no 

significant differences in the protein expression of NF-κB subunit p65 across the groups (Figure 
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there was a main effect of age (p<0.05) and training (p<0.01) on NLRP3 protein expression, as 

well as a significant interaction between the two factors (p<0.01, Figure 7C). Similarly, 

procaspase-1 expression exhibited an interaction effect between age and training, indicating that 

inflammatory proteins within aged skeletal muscle respond differently to training compared to 

young (Figure 7E, p<0.05). Measuring several targets downstream of NLRP3 inflammasome 

activation, there was a basal increase in caspase-1 p20 protein expression with age (p<0.001), 

resulting in a significant main effect of age (Figure 7D). However, similar to NLRP3 protein 

expression, active caspase-1 protein expression exhibited a main effect of training following the 

6-week intervention (p<0.05, Figure 7D). In addition, immature GSDMD and mature GSDMD-N 

showed a main effect of age (p<0.05 and p=0.08, respectively) indicating a greater accumulation 

of these pro-inflammatory markers (Figure 7F, 7G). However, while GSDMD protein expression 

decreased in aged muscle following training (p=0.08, Figure 7G), there was no clear change in 

GSDMD-N (Figure 7F). Lastly, when correcting the degree of training adaptations of NLPR3 

inflammasome components (NLRP3, procaspase-1, and caspase-1) to the total distance ran, the 

aged animals remarkably displayed a greater attenuation of inflammatory markers compared to the 

young counterparts (Figure 7H, p<0.001).  

 



   81 

 
 
Figure 7: NLRP3 Inflammasome markers in young and aged animals following voluntary 
wheel running. Representative western blot of proteins involved in the NLRP3 Inflammasome 
signaling pathway (A), including NF-κB p65 (B), NLRP3 (C), Caspase-1 p20 (D), Procaspase-1 
(E), GSDMD-N (F), GSDMD (G) (n=4-6). Fold change of protein components of the NLRP3 
Inflammasome complex (NLRP3, Procaspase-1, Caspase-1) normalized to total distance ran in 
young and aged mice (H). Fold change was analyzed using an unpaired student’s t-test, while 
protein expression underwent a two-way ANOVA. A, main effect of age; T, main effect of 
training; AxT, interaction between age and training. *, p<0.05; **, p<0.01; ***, p<0.001; ****, 
p<0.0001. All values are expressed as mean ± SD. 
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Age and training demonstrated no effect on ROS and mtDNA release but showed increased 

expression of innate immune markers and mPTP components. After observing the interesting 

effects of both age and training on NLRP3 inflammasome activation, we wanted to further 

characterize the presence of DAMPS within whole muscle and cytosolic fractions. With both age 

and training, there were no apparent changes in H2O2 production following complex I inactive 

(Figure 8A), complex I active (Figure 8B), and complex I+II active respiration (Figure 8C). When 

investigating the presence of mtDNA as a mtDAMP, there was a main effect of training in whole 

muscle mtDNA following the intervention (Figure 8D, p<0.05), but no changes in the release of 

mtDNA into the cytosolic fraction (Figure 8E). As a result, there was no change across the groups 

when assessing the ratio of cytosolic to whole muscle mtDNA. However, aged muscle appears to 

demonstrate a larger change in mtDNA release compared to young animals. Lastly, when assessing 

alternate pathways involved in innate immune signaling, we found that STING protein expression 

exhibited a trending main effect of training, which was also more apparent within the aged muscle 

(Figure 8G, p=0.07). Furthermore, in conjunction with improved mitochondrial function within 

the aged muscle, we found that BAX protein expression was upregulated basally within aging 

muscle (p<0.01) and dramatically attenuated with training (p<0.01) (Figure 8H), which was not 

observed in the young groups. 

 

 

 

 

 

 



   83 

 

 
Figure 8: Analysis of potential DAMPS and associated pathways in young and aged animals 
following voluntary wheel running. ROS emission under complex I (A), complex I active (B), 
and complex I+II active (C) respiration states (n=4-8). qPCR analyses of the 16s rRNA mtDNA 
fragment within whole muscle (D), cytosol (E), and the ratio of cytosolic/whole muscle mtDNA 
(F) (n=4-5). Representative western blots of STING (G) and Bax (H) alongside the corresponding 
graphical quantifications (n=4). Data was analyzed using a two-way ANOVA. A, main effect of 
age; T, main effect of training; AxT, interaction between age and training; *, p<0.05; **, p<0.01; 
Cyto, cytosolic; Gast, Gastrocnemius; All values are expressed as mean ± SD.  
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DISCUSSION 

The purpose of this study was to investigate in vivo innate immune signaling, specifically 

focused on the NLRP3 inflammasome complex in response to skeletal muscle use and disuse. 

Mitochondria are now being explored as critical signaling hubs that can mediate inflammatory 

processes, however, the relationship between mitochondrial health, skeletal muscle activity, and 

innate immune activation requires additional work. As a result, we utilized a potent model of 

muscle disuse through a sciatic nerve transection to assess the adaptive response of the NLRP3 

inflammasome complex. Furthermore, aging has been established as a condition associated with 

skeletal muscle deterioration, inflammation, and functional impairments, prompting to investigate 

the downstream consequences and potential benefits of endurance training. By assessing various 

mitochondrial parameters and NLRP3 inflammasome activation, we aimed to better understand 

the inflammatory environment in relation to skeletal muscle mitochondrial adaptations.   

Consistent with other findings, 7 days of muscle denervation upregulated catabolic signaling 

pathways as shown through an increased expression of the E3 ubiquitin ligase MURF1 and muscle 

atrophy marker GADD45-α which led to a decrease in muscle mass (12, 20). Furthermore, we 

observed consistent decreases in mitochondrial content and function, which has also been shown 

in other studies utilizing this model (12, 21). This suggests that 7 days of muscle denervation is 

sufficient to induce maladaptive changes within the mitochondrial pool, which encouraged us to 

investigate changes in NLRP3 inflammasome signaling. Previous work by You and colleagues 

demonstrated a relationship between muscle atrophy and the upregulation of proteins involved in 

the NLRP3 signaling cascade including NLRP3, caspase-1, GSDMD-N, and IL-1β following 14-

28 days of denervation, which was attenuated by NLRP3 KO (13). This relationship was further 

demonstrated as LPS-induced NLRP3 inflammasome activation led to decreases in myotube 
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diameter that was rescued upon treatment with the NLRP3 inhibitor, MCC950 (14). Within our 

study, we demonstrated an upregulation in the protein expression of NF-κB p65, NLRP3, 

procaspase-1, caspase-1 p20, GSDMD, GSDMD-N, and IL-1β as early as 7 days following the 

sciatic nerve transection, confirming our initial hypothesis. This expands the current body of 

literature and suggests that NLRP3 inflammasome activation occurs at earlier time points of 

denervation-induced muscle disuse than previously described.  

Furthermore, as several works have implicated the release of mtDAMPS as potent 

activators of the NLRP3 inflammasome (22, 23), we measured the production of ROS and mtDNA 

release to understand potential upstream activators. Consistent with other findings, 7 days of 

denervation induced dramatic increases in the production of ROS which has been implicated as a 

second signal for inflammasome activation and could be contributing to the observed protein 

changes (12, 22, 24). On the other hand, the release of mtDNA into the cytosol has been widely 

recognized as a pro-inflammatory molecule, which encouraged us to use a mtDNA-specific 16s 

rRNA primer to assess its localization. In contrast to our original hypothesis, the amount of 

mtDNA within the cytosolic fraction decreased alongside reductions in whole muscle mtDNA 

content, leading to no change in ratio of cytosolic mtDNA. This was surprising, as previous works 

have demonstrated that maladaptive changes to the mitochondrial reticulum such as impairments 

in autophagy (25) or mitochondrial dynamics (26) have been associated with the release of mtDNA 

and subsequent upregulation of NLRP3 inflammasome signaling. Furthermore, our data revealed 

an increased expression of cGAS and STING protein, which is involved in the recognition of 

double-stranded DNA within the cytosol. Other papers have demonstrated that cGAS-STING 

activation can promote the nuclear translocation of NF-κB, and converge on NLRP3 

inflammasome activation, which is blunted in the absence of STING (8). This further highlights 
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that other innate immune responses that could possibly be mediating denervation-induced NLRP3 

inflammasome signaling. Furthermore, several groups have implicated the formation of the 

mitochondrial permeability transition pore in augmenting the release of mtDAMPS and activation 

of innate immune responses, which is supported by the increased expression BAX and AIF protein 

following muscle denervation (27, 28). As our results demonstrated an increase in the expression 

of DNA-sensing pathways and mitochondrial permeabilization proteins, but no associated changes 

in cytosolic mtDNA, this could suggest several possibilities. As we observed increases in NLRP3 

inflammasome activation as early as seven days, it could be valuable to assess earlier time points 

to identify the upstream signals involved. Furthermore, several studies have specifically implicated 

oxidized mtDNA in its ability to interact with and stimulate NLRP3 inflammasome assembly (23, 

28). While we observed no changes in the quantity of cytosolic mtDNA relative to whole muscle, 

the elevated oxidative stress following denervation could contribute to a higher proportion of 

oxidized mtDNA, which is yet to be explored.  

 Similarly, the aging phenotype is associated with chronic low-grade inflammation and 

deteriorations in mitochondrial function, muscle mass, and functional performance, prompting us 

to investigate NLRP3 inflammasome expression and mitochondrial parameters (29). Given the 

universal aging process, potential interventions such as exercise are in high demand to address 

deteriorations in skeletal muscle associated with aging. While the aged animals displayed a 

reduced motivation towards running compared to their young counterparts throughout the 6-week 

voluntary wheel running protocol, they still exhibited a variety of training-induced adaptations 

including increases in heart mass and hindlimb muscle mass, consistent with other studies 

employing the same model (30, 31). Overall, the trained young and aged mice demonstrated 

improved body composition evident through a reduction of fat mass and reduced weight gain in 
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comparison to the untrained controls. Furthermore, when analyzing mitochondrial adaptations, 

aged animals displayed reduced mitochondrial content, which is also considered a consistent 

characteristic of aging skeletal muscle and could contribute towards an impaired running capacity 

(32). However, the training period was still able to increase oxygen consumption, particularly 

within the aged animals, demonstrating that the intervention was sufficient to enhance 

mitochondrial function despite different running quantities. These findings pushed us to further 

investigate the innate inflammatory profile within skeletal muscle to investigate if there was a 

similar relationship between mitochondrial function and NLRP3 inflammasome activation. 

Consistent across the protein expression of NLRP3, procaspase-1, caspase-1, GSDMD, and 

GSDMD-N, there was a basal increase in these inflammatory markers within aged skeletal muscle. 

Similarly, Mcbride and colleagues observed comparable findings in 24-month-old mice, which 

demonstrated increased muscle atrophy and caspase-1 activity that was blunted in the absence of 

NLRP3 (16). Furthermore, our findings suggest a novel beneficial role of endurance training in 

attenuating the age-related inflammatory profile in aged skeletal muscle, as the training 

intervention was able to reduce the protein expression of NLRP3, procaspase-1, caspase-1, and 

GSDMD. As NLRP3 inflammasome activity has been linked to muscle atrophy within muscle, 

this anti-inflammatory effect of exercise could be contributing towards the increase in muscle mass 

observed in the trained animals. This aligns with other studies that have demonstrated reduced 

TLR/NF-κB signaling and NLRP3 inflammasome activation following long-term treadmill 

training in other disease states, including Parkinson’s disease and diet-induced obesity in neuronal 

hippocampal cells and adipose tissue respectively (18, 33). Furthermore, aging was also associated 

with an increased expression of STING and BAX, which could further augment the inflammatory 

profile within muscle by promoting the release of DAMPs and activating other immune signaling 
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cascades that contribute towards the changes in protein expression. Another study also 

demonstrated a basal increase in STING protein in 24-26 month old mice, however, when 

assessing downstream activation through the phosphorylation of IRF3, they saw no differences 

within skeletal muscle, which further encourages us to elucidate the activation of this pathway 

within the context of aging (34). Most importantly, following the same trend that was observed 

with muscle mass and mitochondrial function adaptations, aged skeletal muscle displays a larger 

attenuation of inflammatory signaling despite a lower exercise capacity, suggesting that innate 

immune signaling in aged muscle is increasingly responsive to endurance exercise compared to 

young, healthy controls. This effect was also evident after assessing STING and BAX protein 

expression, which also demonstrated a larger capacity for attenuation due to the basal increase 

present in aged muscle. Within literature, there is still conflicting evidence surrounding the 

adaptive potential of aging skeletal muscle. While some groups have demonstrated that aging 

muscle can possess the same capacity for improvement as young muscle (35), other work has 

demonstrated a reduced adaptive response specifically in mitochondrial changes with age (36). 

However, consistent with our results, aged muscle has been shown to undergo increased reductions 

in pro-apoptotic signaling (36).   

 To assess upstream DAMPs that could link the mitochondrial and innate immune 

adaptations, we also investigated changes in mtDNA release and ROS production. Surprisingly, 

we did not observe an effect of age or training on mtDNA release or ROS emission, which suggests 

that other DAMPs play a larger role. For instance, another study demonstrated increases in plasma 

ATP levels in sarcopenic muscle that was associated with NLRP3 inflammasome activation (37), 

which emphasizes the need to investigate alternative DAMPs to better understand the effects of 

aging on NLRP3 inflammasome activation.  
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 While this study highlights several findings, there are some limitations to consider for 

future work. For instance, as a whole-body stimulus, it is critical to recognize that various other 

tissue types could be contributing to the observed results when assessing both age and endurance 

training. Furthermore, voluntary wheel running was an as low-stress exercise modality, however, 

it was difficult to control the quantity of exercise, especially within the aged animals due to reduced 

volition. Using another model of exercise such as chronic contractile activity could help ensure 

that the aged animals undergo the same extent of exercise training and minimize variability within 

the results.  

 In summary, this study demonstrates that skeletal muscle disuse promotes NLRP3 

inflammasome activation and mitochondrial deteriorations, contributing towards a pro-

inflammatory environment within skeletal muscle. Furthermore, this work emphasizes the anti-

inflammatory effects of chronic endurance training in attenuating the age-related increases in 

NLRP3 inflammasome protein expression and improving mitochondrial function. However, more 

work is still required to identify the specific stimuli involved in mediating this process. 

Surprisingly, these results also suggest an increased adaptive response to endurance training within 

aged skeletal muscle, allowing a larger degree of adaptation despite the lower exercise quantity 

compared to young mice. As overstimulated NLRP3 inflammasome activation is associated with 

a variety of disease states, this work helps establish exercise training as a promising intervention 

for combatting inflammation within skeletal muscle. Furthermore, this emphasizes that exercise 

intolerant populations, such as the aged population, can still benefit from the anti-inflammatory 

effects of low-intensity endurance training, increasing its feasibility as an intervention.  
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FUTURE DIRECTIONS 

1. Further investigate the presence of DAMPs and upstream signaling. While we are 

observing an impact of both skeletal muscle disuse and use on innate immune adaptations, 

the specific stimuli involved in mediating these changes need to be further elucidated.  For 

instance, by investigating other DAMPS such as extracellular ATP, the release of 

lysosomal enzymes such as Cathepsin B, or structural components of the mitochondrial 

membrane, we can create more targeted interventions to alleviate this pro-inflammatory 

phenotype. Furthermore, investigating earlier timepoints prior to inflammasome activation 

will provide insight into the upstream patterns of activation.  

2. Investigate the source of NLRP3 inflammasome activation within skeletal muscle. Since 

this study was performed using whole muscle skeletal muscle samples, the contribution of 

immune cells in promoting NLRP3 inflammasome following aging, muscle denervation 

and exercise training remains unknown. By measuring the extent of immune cell 

infiltration into skeletal muscle following these stimuli, this could offer insight into the 

crosstalk between immune cells and myofibers, as well as the source of immune signaling.  

3. Evaluating sex differences in innate immune adaptations in response to these metabolic 

alternations. Within the current body of literature, there is sufficient evidence to suggest 

that males and females experience different mitochondrial and innate immune adaptations 

which emphasizes the need to expand this study to female mice (12, 38, 39) . These findings 

could help inform sex-specific exercise interventions to alleviate muscle-disuse induced 

inflammation.  
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Table A1: Pre-post Denervation Body weights 

 
Table A2: Hindlimb Muscle Mass 

  
Table A3: TA Muscle Mass 

  
Table A4: Soleus Muscle Mass 
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Table A5: GAST Muscle Mass 

  
Table A6: MURF-1 Protein Expression 

  
Table A7: GADD-45α Protein Expression  

  
Table A8: COX-IV Protein Expression 

  
Table A9: VDAC Protein Expression  

  
 
 
 
 
 



   98 

Table A10: Complex I Inactive O2 Consumption 

  
Table A11: Complex I Active O2 Consumption 

  
Table A11: Complex I+II Active O2 Consumption 

  
Table A13: NLRP3 Protein Expression  

  
Table A14: Procaspase-1 Protein Expression 

  
Table A15: Caspase-1 Protein Expression  

  
Table A16: GSDMD Protein Expression  
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Table A17: GSDMD-N Protein Expression 

  
Table A18: NF-κB p65 Protein Expression  

  
Table A19: IL-1β Fold Change 

  
Table A20: Complex I ROS Emission 

  
Table A21: Complex I Active ROS Emission  

 
Table A22: Complex I + II Active ROS Emission 

  
Table A23: GAST mtDNA levels 
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Table A24: Cytosolic mtDNA levels  

  
Table A25: Cytosolic/GAST mtDNA ratio 

  
Table A26: STING Protein Expression 

  
Table A27: BAX Protein Expression  

  
Table A28: AIF Protein Expression  

  
Table A29: Voluntary Wheel Running Distances 
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Table A30: Body Weight (% change)  

  
Table A31: GAST Muscle Mass 

 
Table A32: TA Muscle Mass 

  
Table A33: SOL Muscle Mass 

  
Table A34: Heart Muscle Mass 

  
Table A35: Epidydimal Fat  

  
 
 
 
 
 
 
 



   102 

Table A36: COX-IV Protein Expression  

  
Table A37: COX-I Protein Expression 

  
Table A38: Complex I Inactive O2 Consumption  

  
Table A39: Complex I Active O2 Consumption 

  
Table A40: Complex I + II Active O2 Consumption 
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Table A41: NF-κB p65 Protein Expression  

  
Table A42: NLRP3 Protein Expression  

  
Table A43: Procaspase-1 Protein Expression  

  
Table A44: Caspase-1 Protein Expression  

  
Table A45: GSDMD-N Protein Expression  
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Table A46: GSDMD Protein Expression  

  
Table A47: Fold change/Distance Ran 

  
Table A48: Complex I ROS Emission  

  
Table A49: Complex I Active ROS Emission  

  
Table A50: Complex I + II Active ROS Emission  
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Table A51: GAST mtDNA levels 

  
Table A52: Cytosolic mtDNA levels 

  
Table A53: Cytosolic/Gast mtDNA ratio  

 
Table A54: STING Protein Expression  

  
Table A55: BAX Protein Expression  
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Figure B1: Change in EDL muscle weight following 7 days of 
muscle denervation (n=14). Measurements underwent a paired 
student’s t-test (A). **, p<0.01. EDL, Extensor Digitorum 
Longus; CON, control; DEN, denervated. Values are expressed 
as mean ± SD.  
 

 

 

Figure B2: IL-1β ELISA results in the denervated gastrocnemius compared to the sham-operated 
control (A) (n=3). Representative western blot of cGAS protein expression and the corresponding 
quantification (B) (n=3). All measurements underwent a paired student’s t-test. CON, control; 
DEN, denervated. Values are expressed as mean ± SD.  
 
 
 
 
 
 
 
 
 
 
 
Figure B3: Representative western blots for purity of mitochondrial and cytosolic fractions. COX-
IV and VDAC were used as markers of mitochondrial contamination (A).  Positive control for 16s 
rRNA primer in gastrocnemius and heart tissues. Values were corrected to Actin-B (B). mtDNA 
measurement underwent an unpaired student’s t-test. CON, control; DEN, denervated; Cyto, 
cytosolic fraction; Mito, mitochondrial fraction.  Values are expressed as mean ± SD.  
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Figure B4: Changes in total hindlimb weight [GAST, EDL, TA, SOL] (A) and EDL (B) corrected 
to body weight (n=4-7). Fold change in pooled hindlimb muscle mass corrected to the total running 
distance (km) (C) (n=4). Body composition was analyzed using a two-way ANOVA. Fold change 
was analyzed using a student’s unpaired t-test. A, main effect of age; T, main effect of training. *, 
p<0.05; **, p<0.01; ***, p<0.001;TA, tibialis anterior; SOL, soleus; GAST, gastrocnemius; EDL, 
Extensor Digitorum Longus; Values are expressed as mean ± SD. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B5: Representative western blot and the graphical representation of VDAC protein 
expression within young and aged animals following the 6-week exercise protocol (A) (n=4). 
Western blot was analyzed used a two-way ANOVA. Values are expressed as mean ± SD. 
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Figure B6: Percent change of the distance ran during an acute treadmill test before and after the 
6-week training protocol within young and aged animals (A) (n=4-7). Absolute values of distance 
to exhaustion during the pre- and post-test within young (B) and aged (C) mice. All data was 
analyzed using a two-way ANOVA. A, main effect of age; T, main effect of training. *, p<0.05, 
**, p<0.01; ***, p<0.001; ****, p<0.0001. Pre, pre-intervention; Post, post-intervention; Values 
are expressed as mean ± SD.  
 

 

 

Figure B7: Study design of a pilot swim exercise protocol for 7-week-old mice (A). Changes in 
mitochondrial content marker, COX-IV following 4.5 weeks of exercise training (B) (n=5). All 
data underwent an unpaired student’s t-test. SED, sedentary group; EX, exercise group. Values are 
expressed as mean ± SD.  
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Figure B8: Representative western blots of NLRP3 (n=5) (A), and downstream targets, Caspase-
1 P20 and Procaspase-1 (B) (n=5), alongside their graphical quantifications. Data was analyzed 
using an unpaired student’s t-test. *, p<0.05. SED, sedentary group; EX, exercise group. All values 
are expressed as mean ± SD.  
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APPENDIX C: LABORATORY METHODS AND PROTOCOLS 
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ACUTE TREADMILL ENDURANCE TEST 

Young Mice Aged Mice  

Treadmill speed (m/min)  Duration (min)  Treadmill speed (m/min) Duration (min)  

0 5 0 5 

5 5 5 5 

10 10 7 10 

11 2 10 20 

12 2 11 20 

Increasing speed by 1 m/min every 2 minutes 

until exhaustion  

12 m/min until exhaustion 

Table C1: Acute treadmill endurance test for young and aged mice.  

SAMPLE CALCULATION FOR VOLUNTARY WHEEL RUNNING DISTANCE    

Wheel diameter: 12cm; Example revolutions: 1405 
1) km/rev = wheel diameter x pi  

 = 0.00012 km x 3.14159…. 
 =0.000376991 km/revolution 

2) km ran = km/rev x # of revolutions 

 =0.000376991 x 1405  
 = 0.529672355 km 
 

SCIATIC NERVE TRANSECTION  

*Sterilize surgical instruments through autoclaving prior to surgery*  

1. Collect all surgical instruments and sterilize with 70% ethanol. All surgical tools should be kept 
in 70% ethanol when not in use.  

2. After the mouse is anesthetized and weighed, place tear gel on the eyes to avoid dryness 
throughout the duration of the surgery.  
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3. Landmark incision site by locating the femur, and the incision will be parallel with the femur, 
approximately half-way between the hip and knee joint. Wipe down the incision site using a 
kimwipe soaked with 70% ethanol and shave the incision area with an electric razor.  

4. After shaving, wipe the site with iodine, followed by 70% ethanol to prep the skin for surgery.  

5. Using small scissors, make a small incision in the skin, below the femur bone, and locate the 
sciatic nerve through the muscle. It should appear as a thick white band below the surface of the 
muscle.  

6. Following this, make another incision into the muscle, perpendicular to the first cut to reveal 
the nerve.  

7. Using blunt scissors, remove a 3-5mm section of the sciatic nerve to denervate the hindlimb 
muscles. 

8. Suture the incision in the muscle closed by tying two knots, ensuring that they are tied in 
opposite directions. 

9. To close the incision in the skin, use 2-3 surgical staples, ensuring to fully squeeze the staples 
closed. 

10. Sham-operate the opposite leg, as an internal control, by performing steps 3-9, without 
transecting the nerve. If the tear gel has dissipated, reapply as needed throughout the procedure.  

11. Following the surgery, use a 29g syringe to inject Metacam (2µg/g of body weight), 
subcutaneously. Create the working stock of Metacam by adding 1mL to 9mL of 0.9% saline 
solution. In brief, pinch the skin along the spine to create a “tent’ shape and inject it into the center 
of the skin.  

12. Put the mouse in a new, fresh cage and keep a heat lamp on the animal to help normalize body 
temperature. The heat lamp should be left on even after the animal regains consciousness, until 
any abnormal behaviour subsides. If abnormal behaviour persists for over 20 minutes, crush up a 
piece of chow with tap water in a small petri dish and place in cage.  

13. To help avoid the risk of infection, Baytril is incorporated into the water for the remainder of 
the denervation period. In brief, 1mL of Baytril is added to 200mL of water.  

The following day:  

14. Give a second Metacam injection (1µg/g of body weight) approximately 24 hours after the 
surgery.  

15. Continue to carefully monitor the animal throughout the duration of the denervation period.  
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WHOLE MUSCLE PROTEIN EXTRACTION 

1. Muscle Extraction Buffer (Sakamoto Buffer)  
a. 20mM Hepes (ph 7.4); 2.383g/500ml 
b. 2mM EGTA;  0.3804g/500ml 
c. 1% Trition-X100;  5ml/500ml 
d. 50% Glycerol; 10ml/500ml 
e. 50mM b-Glycerophosphate;  5.4g/500ml 
Volume up to 500ml with double distilled water (ddH2O); pH to 7.4 
 

2. Make up buffer with Protease and phosphatase inhibitors: 
In a 15ml tube, mix the following at the appropriate ratio as outlined below and keep on ice: 
a. 1 ml Sakamoto Muscle Extraction Buffer 
b. 10 µl Protease Inhibitor Stock  
c. 10 µl Cocktail 2 Phosphatase Inhibitor 
d. 10 µl Cocktail 3 Phosphatase Inhibitor 
 
Procedure: 
1. Add 200μl of Sakamoto Muscle Extraction Buffer to a set of 2mL Eppendorf tubes. 

2. Weigh out 25-30mg of tissue into the first set of Eppendorf tubes and record the exact weight 

of each sample in a table. 

3. Add the appropriate volume of buffer solution to each Eppendorf to produce a 15x dilution 

[(Equation:  weight of muscle (mg) x 14 - 200µL = Additional buffer volume added (µL)] 

4. Insert a metal bead into each Eppendorf. 

5. Place Eppendorfs in balanced manner in metal brackets (kept in -20ºC freezer). 

6. Insert brackets into TissueLyser and homogenize (shake) at 30 Hz for 1 min at a time. 

7. Remove blocks, check for homogeneity and repeat if necessary (flip orientation of blocks for 

each cycle). 

8. Remove beads with a magnet and centrifuge at 14000g for 10 minutes at 4°C. 

9. Completely withdraw the supernatant and pipette the solution into the new Eppendorf tubes. 

10. Store at -80°C. 

 
MITOCHONDRIAL-CYTOSOLIC FRACTIONATION  

Reagents: 
1.  Mitochondrial Isolation Buffer (MIB) 
a. 64mM Sucrose (323.3g/mol); 22.93g 
b. 50mM Tris (121.14g/mol); 6.06g 
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c. 50mm KCl (74.55g/mol); 3.73g 
d. 10mM EDTA (292.24g/mol); 2.92g 
e. 0.2% BSA; 2.0g 
Volume up to 1L with double distilled water (ddH2O); pH to 7.4 
 
2. Make up buffer with Protease and phosphatase inhibitors: 
In a 15ml tube, mix the following at the appropriate ratio as outlined below and keep on ice: 
a. 1 ml Mitochondrial Isolation Buffer 
b. 10 µl Protease Inhibitor Stock (1 tablet in 500µL ddH2O) 
c. 10 µl Cocktail 2 Phosphatase Inhibitor 
d. 10 µl Cocktail 3 Phosphatase Inhibitor 
àApproximately 2 mls required per hindlimb.  
 
Procedure: 
1. Collect gastrocnemius into a labeled tube with 1ml pure MIB (no inhibitors). 

2. Mince on a glass plate over ice. 

3. Add minced tissue to Dounce Homogenizer tube with 1ml of MIB with inhibitor and 

homogenize until it is a uniform mixture.  

4. Centrifuge the sample at 1200g for 15 mins at 4°C and transfer the resulting supernate to a new 

Eppendorf tube.  

5. Centrifuge at 21000g for 20 minutes at 4°C. The resulting supernate will become the cytosolic 

fraction, while the pellet retains the mitochondrial fraction.  

For the cytosolic fraction:  

6. Centrifuge at 21000g for 20 minutes at 4°C, for two more cycles, transferring to a new 

Eppendorf tube each time.  

7. Store the cytosolic fraction at -80°C. 

For the mitochondrial fraction:  

8. Resuspend the pellet obtained in step 5 in 100µl MIB with inhibitors.  

9. Centrifuge the sample at 21,000g for 20 mins at 4°C. 

10. Resuspend the pellet in 20-50ul of MIC with inhibitors, depending on the size of the pellet.  

11. Store at -80°C. 
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WESTERN BLOTTING PROTOCOL  

GEL ELECTROPHORESIS-SDS PAGE (PROTEIN BIORAD SYSTEM) 

Reagents: 

1. Acrylamide/Bis-Acrylamide, 30% Solution 37.5:1 (BioShop 10.502) 
a. Store at 4°C 

2. Under Tris Buffer 
a. 1M Tris, pH 8.8 (60.5g/500ml) 
b. Store at 4°C 

3. Over Tris Buffer 
a. 1M Tris, pH 6.8 (12.1g/100ml) 
b. Bromophenol Blue (for colour) 
c. Store at 4°C 

4. Ammonium Persulfate (APS) 
a. 10% (w/v) APS in ddH20 (1g/10ml) 
b. Stored at 4°C 

5. Sodium Dodecyl Sulfate (SDS) 
a. 10% (w/v) in ddH20 (1g/10ml) 
b. Store at room temperature 

6. TEMED (Sigma T-9281) 
7. Electrophoresis Buffer, pH 8.3 (10L) 

a. 25mM Tris 30.34g, 192mM Glycine 144g, 0.1% SDS 10g 
b. Volume to 10L with ddH20 
c. Store at room temperature 

8. 6X SDS 
a. Warm 100% glycerol in water bath at 65°C for 30 minutes 
b. Combine 1.2g SDS, 0.06g Bromophenol Blue, 3mls of 1M Tris, pH 6.8 and 1ml of 

ddH20 and stir at 4°C for 5 minutes 
c. Add 3mls of 100% glycerol, stir and aliquot mixture. 
d. Store at -20°C 
e. Add 5% (v/v) ß-mercaptoethanol (Sigma M6250) to 6X SDS just prior to use 

9. tetra-Amyl alcohol ReagentPlus, 99% (Sigma 152463) 
 

Procedure: 

1. Prepare gel electrophoresis rack: 

a. Clean glass plates thoroughly with soap followed by 
95% ethanol then ddH20.  

b. Dry carefully with a kimwipe.  

c. Assemble glass plates as shown below: 

d. Check the seal by adding a small volume of ddH20 then pour off and let dry.  

2. Prepare separating gels: 
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a. Mini Protean 3 Bio-Rad System volumes: 

 

 8% 10% 12% 15% 18% 

Acrylamide 2.7 ml 3.3 ml 4.0 ml 5.0 ml 6.0 ml 

ddH20 4.1 ml 3.5 ml 2.8 ml 1.8 ml 0.8 ml 

Under Tris 3.0 ml 3.0 ml 3.0 ml 3.0 ml 3.0 ml 

SDS 100µl 100µl 100µl 100µl 100µl 

APS 100µl 100µl 100µl 100µl 100µl 

TEMED 10µl 10µl 10µl 10µl 10µl 

 

b. Mix the contents of the separating gel without adding APS or TEMED. Stir.  

c. Add APS and TEMED. Stir.  

d. Slowly pour the entire volume of the solution into the space between the two plates 
while keeping plates tilted to prevent bubble formation. 

e.  Add tert-Amyl alcohol to coat top surface of gel solution. 

f. Allow 30 minutes for gel polymerization.  

g. Remove tert-Amyl alcohol by pouring it off and remove any remainder with a 
kimwipe. Rinse with ddH20. 

3. Prepare stacking gel: 

a. For a single mini gel use the following volumes à 

b. Mix the contents of the stacking gel without adding APS 
or TEMED. Stir.  

c. Add APS and TEMED. Stir.  

d. Using a Pasteur pipette slowly add the entire volume 
from the beaker in between the plates.  

e. Add comb for desired number of wells. 

f. Allow 30 minutes for gel polymerization. 

4. Prepare samples: 

a. Turn on the block heater to 95ºC.  

b. Pipette required volume of sample into new eppendorf with same amount of lysis 
buffer and 5 µl of sample dye. Keep samples on ice until all samples are prepared 
(use pipette plan). 

Acrylamide 500 µl 

Over Tris 625 µl 

ddH20 3.75 ml 

SDS 50 µl 

APS 50 µl 

TEMED 7.5 µl 
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c. Briefly spin each sample to bring volume to the bottom of the eppendorf. 

d. Incubate each sample at 95 ºC for 5 minutes in the heating block to denature the 
proteins.  

e. Briefly spin again to return volume to the bottom of the eppendorf. 

5. Assemble Mini-PROTEAN gel caster system: 

a. If you are only running one gel a rectangular plastic pseudo plate must be clamped 
on the other side of the caster.  

b. Fill with electrophoresis buffer between the plates and outside of the plates in the 
chamber.  

c. Slowly remove the comb using both hands (one on each side) by pulling the comb 
straight upwards.  

d. Fix any wells that are deformed using a small spatula.  

e. Clean out the wells using a syringe filled with electrophoresis buffer.  

f. Withdraw the entire volume of the sample using a Hamilton syringe. Inject volume 
slowly into the bottom of the well.  

6. Gel electrophoresis:  

a. Immediately after all samples are loaded place the lid on the gel chamber. 

b. Place positive and negative plugs into the power supply and turn on power supply.  

c. Set power supply to 120V. Gel will run for ~2 hours depending on percent gel 
made. 

d. When the bromophenol blue has run off the bottom of the gel (or when gel has 
separated the desire amount) turn off the power supply. Remove plugs from power 
supply and remove lid. 

e. Prepare for electrotransfer of proteins from the gel to nitrocellulose membrane.  

 

WESTERN BLOTTING – TRANSFER AND IMMUNODETECTION  

Reagents: 

1. Transfer Buffer 
a. 0.025M Tris-HCl pH 8.3; 12.14g 
b. 0.15M Glycine ; 45.05g 
c. 20% Methanol ; 800ml 
d. make up to 4L with ddH20 
e. store at 4°C 

2. Ponceau S stain 
a. 0.1% (w/v) Ponceau S  
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b. 0.5% (v/v) Acetic Acid 
c. Store at room temperature 

3. Wash Buffer 
a. Tris-HCl pH 7.5; 12g 
b. NaCl; 58.5g 
c. 0.1% Tween; 10ml 
d. Store at room temperature 

4. Blocking Solution 
a. 5% (w/v) skim milk power in wash buffer OR 
b. 5% (w/v) BSA in wash buffer 

5. Enhanced Chemiluminescence Fluid (ECL; Santa Cruz sc-2048) 
6. Film/Developer/Fixer 

 

Procedure: 

1. Transfer Procedure: 

a. Remove electrophoresis plates from chamber and separate the plates. 

b. Cut away unnecessary parts of the gel using a spatula and measure remaining gel 
size. 

c. Using a paper cutter cut 6 pieces of Whatman paper per gel to the same size as the 
gel. Wearing gloves cut nitrocellulose membrane (GE Healthcare RPN303D) to the 
dimensions of the gel.  

d. Assemble Whatman paper, nitrocellulose membrane and gel as shown above: 

e. Close the cassette and place in the transfer chamber with the black side of the 
cassette facing the back side of the chamber.  

f. Place ice pack in the chamber. 

g. Place lid on the chamber and connect the leads to the power supply.  

h. Turn on the power supply and run at 120V for 2 hours. This can vary depending on 
the size of the protein of interest. 

2. Removal of transfer membrane: 

a. Turn off the power supply and disconnect leads from the power supply then remove 
the lid from the chamber. 

b. Remove the cassette from the chamber.  

c. With gloves on, remove the Whatman paper and gel and place the nitrocellulose 
membrane in a plastic dish.  

d. Add Ponceau S stain on the membrane and gently swirl.  

e. Drain off the remaining Ponceau S and save for reuse. 
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f. Rinse the membrane with ddH20 to reduce the red background. Wrap membrane in 
saran wrap and scan image. 

g. Cut the membrane while protein bands are still visible at the desired molecular 
weight. 

h. Rotate membrane at room temperature in wash buffer until remaining Ponceau S 
has been removed. 

i. Incubate membrane for 1 hour with rotation in blocking solution.  

j. Incubate membrane with desired antibody diluted in blocking solution overnight at 
4ºC. Membrane is placed face up into the solution on a glass plate covered in 
parafilm. To maintain a moist environment overnight, wet a small kimwipe and 
form it into a ball and place in each corner of the dish. Cover the dish with saran 
wrap. 

3. Immunodetection: 

a. Wash the blots in wash buffer with gentle rotation for 5 minutes 3X. 

b. Incubate the blots for 1 hour in room temperature with the appropriate secondary 
antibody diluted in blocking solution. 

c. Membrane is placed face up in solution on a glass plate covered with parafilm. 
Place moist kimwipes in each corner of the dish and cover the dish with saran wrap. 

d. Following the incubation, wash the membrane 3X for 5 minutes with wash buffer. 

4. Enhanced Chemiluminescence Detection: 

a. Mix ECL fluids “A” and “B” in a 1:1 ratio in a disposable Rohr tube. 

b. Place blots on saran wrap face up and apply ECL solution for 2 minutes.  

c. Dab off excess ECL on a kimwipe and place blots face down on a fresh piece of 
saran wrap and wrap tightly. 

d. Expose blot to film (time will vary depending on protein and antibody).  

e. Place film into developer (time will vary). 

f. Once image appears place film into fixer for 2 minutes. Wash with fresh water 
when complete. 

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)   

Reagents 

• Mouse IL-1 beta/IL-1F2 DuoSet ELISA (cat #: DY401) was used for the measurement of 
IL-1β in denervated muscle. All reagents were included in the DuoSet ELISA Ancillary 
Reagent Kit 2 (cat #: DY008B)  

Procedure 
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Day 1:  

1. Obtain a 96-well microplate.  

2. For first time use, reconstitute the capture antibody and detection antibody accordingly.  

a. Capture Antibody: Reconstitute with 0.5 ml PBS and mix gently. Let it sit for 15 

minutes before preparing the working concentration or aliquoting.  

b. Detection Antibody: Reconstitute with 1 ml of Reagent Diluent and mix gently. 

Let it sit overnight at 4ºC before using or aliquoting.  

3. Dilute the capture antibody to the working concentration in PBS.  

4. Coat a 96-well microplate with 100 μl per well of the diluted Capture Antibody using a 

multi-channel pipette. 

5. Seal the plate and incubate overnight at room temperature. 

Day 2:   

6. Ensure that all reagents are equilibrated to room temperature before using.  

7. Aspirate each well with Wash Buffer using a squirt bottle, by filling each well fully and 

decanting on a kimwipe until dry. Repeat 3 sets of washes.  

8. Block plates by adding 300 μl of Reagent Diluent to each well. Incubate at room 

temperature for 1 hour.  

a. During this incubation, prepare samples for testing. Volumes can be diluted in 

reagent diluent so that they have volumes sufficient to add 100 uL to each well if 

required. For skeletal muscle lysates, 6-fold dilution lysates were added directly 

without diluting further due to low abundance of proteins.  

b. Prepare standard curve using the provided IL-1β standard using a standard serial 

dilution. The final well in the standard should contain only reagent diluent as a 

negative blank. Standard curve should be prepared last, as it needs to be added 

with minimal delay.  

9. Repeat aspiration as in step 7. 

10. Add 100 μl of sample and standards per well. Cover with an adhesive plate sealer and 

incubate for 2 hours at room temperature. 

a. During this incubation, dilute the Detection Antibody to the working 

concentration using reagent diluent.  
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11. Repeat the aspiration as in step 7. 

12. Add 100 μl of the Detection Antibody to each well. Cover with a new adhesive strip and 

incubate for 2 hours at room temperature. 

a. During this incubation, dilute the Streptavidin-HRP to the working concentration 

in Reagent Diluent.  

13. Repeat the aspiration as in step 7.  

14. Add 100 μl of the working dilution of Streptavidin-HRP to each well. Cover the plate and 

incubate for 20 minutes at room temperature. Avoid placing the plate in direct light. 

15. Repeat the aspiration as in step 7. 

16. Add 100 μl of Substrate Solution (1:1 mixture of hydrogen peroxide and tetramethyl 

benzadine)  to each well. Incubate for 20 minutes at room temperature. Avoid placing the 

plate in direct light. 

17. Add 50 μl of Stop Solution to each well. Gently tap the plate to ensure thorough mixing 

and no bubbles.  

18. Determine the optical density of each well immediately, using a microplate reader set to 

450 nm and 570nm. To correct for optical imperfections in the place, subtract readings at 

570 nm from the readings at 450 nm.  

19. Correct these values to the blank well to obtain the final values used for interpolation.  

20. Following interpolation, correct the samples by their dilution factors to obtain the final 

quantity of IL-1β.  

GDNA EXTRACTION FROM CYTOSOLIC AND WHOLE MUSCLE EXTRACTS 

Reagents  

• All reagents were included in the Qiagen DNeasy Blood and Tissue Kit (cat #: 69504)  
• All Eppendorf tubes and supplies should be sterile. In between steps, ensure to sterilize 

surfaces, pipettes and gloves with 70% ethanol.  

gDNA isolation from frozen tissue  

1. Allow frozen tissue to equilibrate to room temperature before starting.  

2. Cut up to 25mg of tissue into small pieces using a glass plate and small surgical scissors, 

and place in a sterile 1.5 ml Eppendorf tube.  

3. Add 180µl of Buffer ATL and 20µl of Proteinase K and vortex until thoroughly combined.  
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4. Incubate the tubes in a water bath at 56ºC for 1 hour and 20 minutes. During incubation, 

ensure to vortex tubes approximately every 20 minutes to aid in lysis.  

5. Vortex samples for 15 seconds.  

6. Add 200µl of Buffer AL and absolute ethanol to each tube, and mix thoroughly with vortex.  

a. Note: A white precipitate may form following the addition of the ethanol, which 

will not interfere with the DNA extraction.  

7. Pipet mixture from step 6 into the provided DNeasy spin column placed in a 2ml collection 

tube (including any white precipitate that may have formed)  

8. Centrifuge at 6000g at room temperature for 1 minute.  

9. Discard the flow-through in the collection tube and replace with a 2ml collection tube.  

10. Add 500µl of Buffer AW1 to the spin column, and centrifuge at 6000g at room temperature 

for 1 minute.  

11. Discard flow-through as indicated in step 9.  

12. Add 500µl of Buffer AW2 to the spin column and centrifuge at 20000g at room temperature 

for 3 minutes to get rid of any excess ethanol.  

a. When removing the column, ensure it does not come in contact with any of the 

flow-through. If this occurs, centrifuge for an additional minute at 20000g before 

continuing.  

13. To elute DNA, pipet 120µl of Buffer AE directly onto the membrane, and allow it to sit for 

1 minute at room temperature.  

14. Centrifuge at 6000g at room temperature for 1 minute to elute DNA.  

15. Store extracted DNA at -20ºC until later analysis.  

gDNA isolation from cytosolic fractions 

1. Combine 200µl of cytosolic fraction with 20µl of Proteinase K and 200µl of Buffer AL.  

2. Incubate the tubes in a water bath at 56ºC for 10 minutes.  

3. Add 200µL of absolute ethanol and mix by vortex.  

4. Repeat steps 7-9 as described in the gDNA isolation from frozen tissue.  

5. To elute DNA, pipet 60-70µl of Buffer AE directly onto the membrane and allow it to sit 

for 1 minute.  

6. Repeat steps 14-16 as indicated in the gDNA isolation from frozen tissue. 
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7. Store at -20ºC until further analysis.  

REAL-TIME QPCR 

Reaction settings: 
• 25μL reaction volume. 
• Initial holding stage (95°C for 10 min). 
• Amplification cycles (40x: 60°C for 1 min, 95°C for 15 secs). 
 
HIGH-RESOLUTION RESPIROMETRY AND ROS EMISSION IN PERMEABILIZED FIBERS 

Reagents:  

1. Buffer Z, for 500ml: 
a. 105mM K-MES; 12.26g 
b.  30mM KCl; 1.12g 
c. 10mM KH2PO4; 0.7g 
d.  5mM MgCl2 •6H2O; 0.51g 
e. 1mM EGTA; 0.19g 
f. 5mg/ml BSA; 2.5 

pH 7.4; Store at -20°C 
 

2. BIOPS Buffer, for 1L:  

a. 2.77mM CaK2EGTA; 27.7ml 
b. 7.23mM K2EGTA; 72.3ml 
c. 5.77mM Na2ATP; 3.14g 
d. 6.56mM MgCl2 •6H2O; 1.335g 
e. 20mM Taurine; 2.51g 
f. 15mM Na2Phosphocreatine; 3.825g 
g. 20mM Imidazole; 1.36g 
h. 0.5mM Dithiothreitol (DTT); 0.077g 
i. 50mM MES Hydrate; 9.76g 

pH 7.1; Store at -20°C 

3. Permeabilization Buffer 
a. BIOPS Buffer; 1.5ml 
b. Saponin (10mg/ml); 6µl 
c. 10.5mM CDNB; 5µl 

 
4. Amplex Ultra Red Buffer  

a. Buffer Z; 1.5mL  
b. 5mM AUR; 650µL 

i. 666.6µL DMSO 
ii. 1mg AUR 

c. 5000IU/ml SOD1; 1625µl 
i. pH 7.0 
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d. 10mM BLEB; 32.5µl 
e. 0.5M EGTA 

i. pH 7.5-8.0 
f. Store in black 5ml tubes at -20°C. 

 
5. Horseradish peroxidase; 0.5U/mL (HRP)  

a. Store at -20ºC.  
 

6. 0.1µM H2O2 
 

7. Pyruvate (P2256, Sigma)  
a. 27.5mg/125µl 
b. Make fresh each day  

 
8. Malate (M1000, Sigma), for 10ml stock:  

a. 1.073g  
b. pH 7.1 
c. Store at -20°C 

 
9. ADP (A2754, Sigma), for 10ml stock: 

a. 2.13g 
b. pH 7.1 
c. Store at -20°C 

 
10. Succinate (S2378, Sigma), for 10ml stock: 

a. 2.7014g 
b. pH 7.1 
c. Store at -20°C 

Procedure: 

1. Collect medial portion of the TA and store in ice cold BIOPS Buffer 

2. Gently tease apart muscle fibers with fine-tip forceps in BIOPS Buffer over ice 

3. Place bundles in Permeabilization Buffer and permeabilize on orbital for 30 mins at 4°C 

4. Transfer bundles to Eppendorf with Buffer Z and wash for 7.5mins 

5. Transfer bundles to another Eppendorf with Buffer Z and was for 7.5 mins 

6. Measure wet weight muscle bundle (~2-5mg) 

7. Set up experiment using O2K 

a. Set up chamber by rinsing with 3x ddH2O then 1x 70% EtOH. Repeat 3 times ending 

with ddH2O. Remove all liquid with suction 
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b. Add 3x710ul AUR Buffer into the chamber and close part-way 

c. Wait for oxygen reading to level out and adjust for background detection 

d. Add 1ul BLEB to chamber with p10 

e. Stop stir bar and add muscle bundle 

f. Close chamber part-way and start stir bar 

g. Add 50ml O2 and close chamber fully for an O2 reading of ~380 

h. Once O2 stabilizes, turn on fluorescence 

i. Add 4ul HRP 

j. Calibrate ROS signal 

8. Run experiment 

a. Add 5ul pyruvate and 5ul malate to the chamber and wait until O2 levels stabilize 

b. Add 20ul ADP to the chamber and wait until O2 levels stabilize 

c. Add 20ul succinate to the chamber and wait until O2 levels stabilize 
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