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2. Lay Abstract 

 In wealthy populations, the oldest adults have the greatest health issues due to aging and age-

related disease. We need interventions to maintain and improve health and functionality as we age 

– in other words, we need to increase human health span. Mitochondria are cell organelles 

responsible for adenosine triphosphate (ATP) production and for signaling the health of a cell. 

They have machinery called mitochondrial ribosomes (mitoribosomes) that generate functional 

proteins important to ATP generation. With age, mitochondria become less efficient and 

dysfunctional, and coordination breaks down between the cell and the mitochondria.  The result is 

an increase in stress signaling via the mitochondrial unfolded protein response (UPRmt). The goal 

of the UPRmt is to attempt to repair dysfunctional mitochondria. One type of intervention to insulate 

mitochondria and cells from age-related decline is mitohormesis, where a mild mitochondrial 

stressor is introduced to generate a beneficial health effect. The cell responds by adapting to the 

stressor and increasing resilience so that the organism becomes resistant to future stressors. A well-

known mitohormetic is regular physical exercise, during which mitochondria send stress signals 

to the nucleus, invoking the UPRmt, and ultimately improving health span. In the roundworm 

Caenorhabditis elegans, reducing the amount of mitoribosome protein subunits (MRPs) results in 

a mild reduction in mitoribosome function, which invokes the UPRmt and extends worm lifespan 

and health span. In this study, we mutated the gene of a critical MRP (Mrpl54+/-) to introduce mild 

mitochondrial stress in a mouse model. Like the roundworm Mrp longevity model, we predicted 

the mouse would have an increased life span and/or health span due to a mitohormetic response to 

mild mitochondrial stress. However, our mouse model showed no difference in metabolic health 

with age or lifespan when compared to control mice. We noticed that myoblasts (a type of cell that 

can turn into mature muscle cells during development or in response to stress or injury) have 
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reduced amounts of mitochondrial proteins that are critical to ATP production. Since we know that 

MRP levels reduce with age and that Mrpl54+/- myoblast mitochondria start with lower levels of 

proteins, we predicted that the Mrpl54+/- mouse model will show premature muscle aging, despite 

not showing major whole-body metabolic deficits. This is because myoblasts start with less 

proteins that are necessary to ATP production. By the age of 12-months (i.e., middle age), male 

Mrpl54+/- mice had reduced grip strength, decreased muscle force, and disrupted muscle fibers, 

which suggested compensatory changes in muscle that recapitulated aging. Unexpectedly, 12-

month male Mrpl54+/- mice also showed better running endurance and better recovery from fatigue 

that may be the result of changes in muscle fiber characteristics during aging in these mice. 

However, by age 18-months, male Mrpl54+/- mice had lost their running endurance advantage. 

Altogether, the results from the Mrpl54+/- mouse model failed to show an effect on lifespan or 

health span. On the contrary, male Mrpl54+/- mice appeared to display altered muscle 

characteristics during aging. 
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3. Résumé 

Dans les populations riches, ce sont les adultes les plus âgés qui connaissent les plus grands 

problèmes de santé dus au vieillissement et aux maladies liées à l’âge. Nous avons besoin 

d’interventions pour maintenir et améliorer la santé et la fonctionnalité à mesure que nous 

vieillissons – en d’autres termes, nous devons augmenter la durée de vie de l’humanité. Les 

mitochondries sont des organites cellulaires responsables de la production d'ATP et de signaler la 

santé d'une cellule. Ils possèdent des machineries appelées ribosomes mitochondriaux 

(mitoribosomes) qui génère des protéines fonctionnelles essentielles à la production d’ATP. Avec 

l’âge, les mitochondries deviennent moins efficaces et dysfonctionnelles, et la communication 

entre la cellule et les mitochondries se dégrade. Le résultat est une augmentation de la signalisation 

du stress via la réponse protéine dépliée mitochondriale (UPRmt). L’objectif de l’UPRmt est de 

tenter de réparer les mitochondries dysfonctionnelles. Un type d’intervention visant à protéger les 

mitochondries et les cellules du déclin lié à l’âge est la mitohormèse, dans laquelle un faible stress 

mitochondrial est introduit pour générer un effet bénéfique sur la santé. La cellule réagit en 

s'adaptant au facteur de stress et en augmentant sa résilience afin que l'organisme devienne 

résistant aux futurs facteurs de stress. Un mitohormétique bien connu est l'exercice physique 

régulier, au cours duquel les mitochondries envoient des signaux de stress au noyau, invoquant 

l'UPRmt et améliorant finalement la santé. Chez le ver rond Caenorhabditis elegans, la réduction 

de la quantité de sous-unités protéines des mitoribosomes (MRP) entraîne une petite réduction de 

la fonction des mitoribosomes, ce qui invoque l'UPRmt et prolonge la durée de vie et la santé du 

ver. Dans cette étude, nous avons muté le gène d'un MRP critique (Mrpl54+/-) pour introduire un 

faible stress mitochondrial dans un modèle de souris. Comme le modèle de longévité Mrp de vers 

rond, nous avons prédit que la souris aurait une durée de vie et/ou une durée de santé améliorée en 
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raison d'une réponse mitohormétique à un faible stress mitochondrial. Cependant, notre modèle de 

souris n’a montré aucune différence en termes de santé métabolique en fonction de l’âge ou de la 

durée de vie par rapport aux souris de contrôle. Nous avons remarqué que les myoblastes (un type 

de cellule qui peut se transformer en cellules musculaires matures au cours du développement ou 

en réponse à un stress ou à une blessure) contiennent des quantités réduites de protéines 

mitochondriales essentielles à la production d'énergie. Nous savons que les niveaux de MRP 

diminuent avec l’âge et que les mitochondries des myoblastes Mrpl54+/- démarrent avec des 

niveaux de protéines plus faibles. Nous avons prédit que le modèle souris Mrpl54+/- montrerait un 

vieillissement musculaire prématuré, même s’il ne présentait pas de déficits métaboliques majeurs 

dans l’ensemble du corps. En effet, les myoblastes commencent avec moins de protéines 

essentielles à la production d’ATP. À l'âge de 12 mois (c'est-à-dire d'âge moyen), les souris mâles 

Mrpl54 +/- présentaient une force de préhension réduite, une diminution de la force musculaire et 

des fibres musculaires perturbées, ce qui suggérait des changements compensatoires dans les 

muscles qui récapitulaient le vieillissement. De manière inattendue, les souris mâles Mrpl54+/- de 

12 mois ont également montré une meilleure endurance à la course et une meilleure récupération 

de la fatigue, ce qui pourrait être le résultat de changements dans les caractéristiques des fibres 

musculaires au cours du vieillissement chez ces souris. Dans l’ensemble, les résultats du modèle 

de souris Mrpl54+/- n’ont pas réussi à montrer d’effet sur la durée de vie ou sur la santé. Au 

contraire, les souris mâles Mrpl54+/- semblaient présenter des caractéristiques musculaires altérées 

au cours du vieillissement. 
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4. Abstract 

With age comes a decline in the dynamic regulation of a balanced and functional 

mitochondrial proteome (proteostasis) that leads to an increase in oxidative stress and 

macromolecule damage, with a decline in ATP production. Compromised protein networks and 

reduced available energy leaves an organism susceptible to accelerated aging and the onset of age-

related disease. Since mitochondrial respiratory complexes are composed of protein subunits from 

both mitochondria and nuclear genomes, their assembly relies on the coordination of mitochondrial 

and cytoplasmic translation machinery. Disruption of mitochondrial translation generates an 

imbalance in the ratio of mitochondrial (mtDNA) to nuclear DNA (nDNA) encoded proteins, 

which is called a mitonuclear protein imbalance. In response to the protein imbalance, a retrograde 

stress signal is sent from the mitochondria to the nucleus, invoking the mitochondrial unfolded 

protein response (UPRmt) to resolve the mitoproteostatic stress. In a young healthy cell, the UPRmt 

upregulates protein folding chaperones and proteases to resolve the consequences of a mitonuclear 

protein imbalance. In the early stages of aging, the UPRmt appears to be upregulated in response 

to age-related mitochondrial proteostatic stress. In aged senescent cells however, the UPRmt 

response is blunted. There is cross-species evidence that induction of the UPRmt through moderate-

intensity exercise or through genetic disruption of the mitochondrial translation machinery will act 

as a hormetic – resulting in health benefits in the long term. Caenorhabditis elegans longevity 

models demonstrate that a reduction in mitochondrial ribosomal protein (Mrp) gene expression or 

disturbed mitochondrial translation will function as a hormetic. The disruption of the 

mitochondrial ribosome leads to a mitonuclear protein imbalance, invokes the nematode UPRmt, 

which then robustly extends C. elegans lifespan and health span. To determine whether the 

hormetic effects of mild mitochondrial ribosome disruption can be recapitulated in a mammalian 
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model, this thesis tests a C57/BL6/NTaconic mouse model altered in the germline to have reduced 

Mrpl54 expression through heterozygous mutation. Mice were metabolically tested at ages 6-, 18-

, and 24-months and followed through their natural lifespan to determine whether reduction in the 

expression of a critical Mrp (Mrpl54) impacts lifespan or metabolic health span. While Mrpl54 

mRNA expression was ~50% of wildtype in all Mrpl54+/- tissues tested, there were no differences 

observed in metabolic health with age or lifespan in either male or female mice. Cultured Mrpl54+/- 

primary myoblasts had lower absolute levels of nDNA- and mtDNA-encoded respiratory complex 

subunits relative to wildtype; however, the ratio between nDNA- and mtDNA-encoded protein 

subunits remained like wildtype. Further testing of the model revealed that Mrpl54+/- males had 

weaker grip strength by age 12-months, which was also found in the data from multiple 

heterozygous Mrp (Mrp+/-) mouse models available at the International Mouse Phenotyping 

Consortium. 12-month-old Mrpl54+/- males displayed reduced tetanic force and better fatigue 

recovery in ex vivo skeletal muscles, and the transmission electron micrographs of skeletal muscle 

sarcomeres revealed an early aging phenotype. Unlike the C. elegans reduced Mrp longevity 

model, reduced expression of a critical Mrp did not result in lifespan or metabolic health span 

benefits in a mouse model. In contrast, the Mrpl54+/- male model showed evidence of premature 

skeletal muscle aging. While the results of this research do not support the role of Mrpl54 reduced 

expression in mammalian lifespan or health span extension, they do point to a premature aging 

phenotype for certain muscle parameters that may be relevant to people living with heterozygous 

mitochondrial protein mutations. Typically, these individuals are regarded as carriers and free of 

phenotype associated with their mitochondrial protein mutation. The results in this thesis suggest 

that those with a heterozygous mitochondrial protein gene mutation may manifest a phenotype as 

they grow older and are less resilient to external or internal challenges. 
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13. Introduction 

13.1  Literature Review 

13.1.1 Countering Aging by Mitigating the Loss of Intrinsic Capacity 

A child born before 1840 had an average life expectancy of less than 40 years (Human 

Mortality Database, 2023; Vachon & Sestier, 2013). Since then, life expectancy has increased by 

~2.5 years per decade in wealthy countries (Vaupel et al., 2021). In Canada, an individual born in 

2020 is expected to live 81.72 years (Statistics Canada, 2022). This increase in life expectancy is 

attributed to extrinsic factors – reduced impact of infectious diseases with immunization, 

antibiotics, and improved medical care, as well as improved nutrition and living conditions with 

access to clean water, hygiene, and sanitation (Mathers et al., 2015). Today, the oldest humans 

have the highest proportion of ill health primarily due to chronic age-related diseases and 

conditions such as type 2 diabetes, heart disease, dementia, and osteoarthritis (Beard et al., 2016) 

with all the concomitant economic and social burdens that accompany this trend (World Health 

Organization, 2022). As declared by the World Health Organisation (WHO) 2016 Policy 

Framework Report on Aging and Health, there is a pressing need to keep people healthy for longer 

and reverse the expanding period of morbidity that accompanies an increasing life span – in other 

words, to compress morbidity to the very end of life (Beard et al., 2016). 

The WHO intrinsic capacity paradigm of aging includes the physiological capacity of an 

individual to resist health deterioration (Beard et al., 2019; Kemoun et al., 2022). The ability to 

adapt to stressors is termed resilience and age-related susceptibility to chronic disease and 

conditions is thought to result from the loss of resilience (Kirkland et al., 2016). Provided an 

individual has the functional reserves to adapt to or overcome a stressor, they are considered robust 
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and can maintain proper function (Kemoun et al., 2022). Homeostasis is associated with robustness 

(i.e., biological function is actively maintained despite perturbations), where energy balance and 

critical life-maintaining structural and functional relationships and networks at the subcellular 

level are optimized for survival (Kitano et al., 2004; Ramsay & Woods, 2014). In contrast, 

allostasis (achieving stability through change) refers to a sub-optimal response, where the optimal 

balance-point is altered in response to chronic challenges and comes at a cost to the organism (i.e., 

allostatic load) (Ramsay & Woods, 2014).  

Model eukaryotic organisms like Caenorhabditis elegans (roundworm), Drosophila 

melanogaster (fruit fly), and Mus musculus (house mouse) have shown that lifespans can be 

modulated by extrinsic and intrinsic factors. For example, dietary restriction and reduced insulin 

signaling will extend lifespan in all three model organisms (Holzenberger et al., 2002; Mair et al., 

2003; Murphy et al., 2003). These lifespan modulating factors appear to converge on shared 

molecular mechanisms that mitigate the accumulation of damaged organelles or macromolecules 

within the cell, helping to maintain cellular homeostasis in the face of chronic challenges 

(Tomtheelnganbee et al., 2022). The age-associated decline of these molecular mechanisms (and 

thereby the decline in cellular homeostasis) leads to aging phenotypes including chronic disease 

(e.g., type 2 diabetes), cognitive decline (e.g., Alzheimer’s Disease), and physical decline (e.g., 

sarcopenia, also known as age-related loss of muscle mass) (Campbell & Drucker, 2015; Cruz-

Jentoft et al., 2019; Tan et al., 2020; Tiernan et al., 2016) . 

A critical element underlying cellular homeostasis is energy redox balance, where an 

organism obtains energy through the process of oxidizing electron donors (i.e., stripping electrons 

from metabolized dietary sugars and fats) via net energy-releasing reactions. The released energy 

is stored in a chemical form (e.g., adenosine triphosphate or ATP) (Martin et al., 2020). Energy 
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management is critical to survival, even at a cost to the organism (Kemoun et al., 2022). This is 

illustrated with prolonged starvation where energy levels are maintained at the cost of stored 

protein (Kerndt et al., 1982). In the same context, sarcopenia can be viewed as the body’s attempt 

to maintain energy allostasis (a new balance point) with age, but at a cost to muscle strength and 

function (Kemoun et al., 2022). 

A cellular homeostasis mechanism that is prone to age-related decline is mitochondrial 

proteostasis (mitoproteostasis). Mitoproteostasis is the maintenance of protein levels and protein 

function within mitochondria, an organelle that produces ATP, the energy currency of the cell, and 

is responsible for cellular energy transduction (López-Otín et al., 2023). Mitoproteostasis is a 

dynamic and complex network of nuclear, cytosolic, and mitochondrial processes that control 

protein production. Production of mitochondrial proteins (i.e., the mitoproteome) includes protein 

translation (i.e., protein generation from mRNA), maturation, trafficking, targeting, and 

degradation. Mitochondrial protein quality control involves chaperones that properly fold proteins, 

re-fold misfolded proteins, or shuttle dysfunctional proteins to proteasomes and lysosomes for 

targeted degradation. A properly functioning mitoproteostasis network buffers protein levels and 

protein function against perturbations and external assaults. A healthy (young) mitochondrion 

maintains its function because it has a mitoproteostasis network that successfully responds to 

external stressors and maintains the mitoproteome.  

A pool of healthy mitochondria is essential for cellular, tissue, and organismal health since 

the mitochondrion is central to energy metabolism. With age, mitochondrial proteins are damaged 

through dysregulation of redox homeostasis (i.e., imbalance between oxidation and reduction 

reactions) leading to an increase in reactive oxygen species (ROS), which directly damage 

macromolecules in the mitochondria such as lipids, proteins, and mitochondrial DNA (mtDNA). 
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The results are misfolded proteins, a perturbed mitoproteome, decreased ATP production, and a 

further increase in ROS production (Moehle et al., 2019). Since mitochondria rely on proteins 

translated from both the nuclear and mitochondrial genomes, intracellular retrograde 

communication (i.e., mitochondria to nucleus communication) of stress signals is integral to 

mitochondrial functioning and, with age, retrograde communication is altered (Fang et al., 2016).  

Counterintuitively, mitochondria health can be maintained with age in several animal 

models with the early introduction of mild stress. This stress evokes retrograde signalling from the 

mitochondria to the nucleus and cytosol and results in system-wide positive effects (Cox et al., 

2018; Houtkooper et al., 2013; Kang et al., 2021; Owusu-Ansah et al., 2013; A. Tapia et al., 2021). 

The process leading to beneficial health effects is called mitochondrial hormesis (mitohormesis) 

where a mild stressor within the mitochondria results in a beneficial long term systemic response, 

such as increased lifespan or health span (the period of an organism’s lifespan that is free of age-

related disorders) (P. C. Tapia, 2006; Yun & Finkel, 2014). An example of mitohormesis at the 

organismal level are regular bouts of exercise, which will transiently increase ROS production in 

skeletal muscle mitochondria (Webb et al., 2017). Exercise-induced ROS from the mitochondria 

signals the muscle cell to undergo mitochondrial biogenesis (mitobiogenesis – involving new 

protein synthesis and increasing the number of mitochondria) and to increase fusion to form 

mitochondria networks, all of which increase cellular ATP-generating efficiency and capacity 

(Kasai et al., 2020). While the initial exercise-induced ROS signal originates in skeletal muscle, 

the beneficial effects are transmitted throughout the body and, in the long term, will increase 

human health span (Musci et al., 2019). For example, exercise stimulates the production and 

release of myokines (peptides produced by muscle fibers that have autocrine, paracrine and/or 
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endocrine effects (L. Zhang et al., 2022)), such as fibroblast growth factor-21 (FGF21) and musclin 

with potentially cardioprotective effects (Harris et al., 2023; Jin et al., 2022).  

An example of mitohormesis at the subcellular level, is the early introduction of mild 

mitochondrial translation stress. This is accomplished by mildly challenging the mitochondrial 

ribosome (mitoribosome), which is responsible for translating mtDNA-encoded mRNA transcripts 

into proteins essential to ATP production. In C. elegans, successful examples of mitohormesis 

through mitoribosomal challenge include treatment with doxycycline and reduction in the 

expression levels of mitochondrial ribosomal proteins (MRPs) (Houtkooper et al., 2013; Perry et 

al., 2021). A third mitohormetic that challenges the mitoribosome is the genetic knock-down of 

tars-1 (gene encoding mitochondrial tRNA synthetase for threonine) (M. Guo et al., 2023). 

Doxycycline is an antibiotic that will knock out bacterial ribosome function. It will also reduce the 

efficiency of the eukaryotic mitoribosome because it shares a common ancestor with the 

prokaryotic bacterial ribosome (Perry et al., 2021; Seely & Gagnon, 2022). In C. elegans, 

doxycycline treatment, MRP reduction, and tars-1 knock-down result in an imbalance in the ratio 

of mtDNA-encoded versus nuclear (nDNA)-encoded proteins (mitonuclear protein imbalance), 

followed by a reduction in ATP production (M. Guo et al., 2023; Houtkooper et al., 2013; Tsang 

et al., 2001). Subsequent invocation of the mitochondrial unfolded protein response (UPRmt - a 

stress response to resolve the mitonuclear protein imbalance) leads to an increase in C. elegans 

health span and lifespan (M. Guo et al., 2023; Houtkooper et al., 2013). 

Ultimately, aging biological processes and an age-related shift toward allostasis (new set-

points with costs to the organism) are thought to be main drivers of the susceptibility to chronic 

disease. Mitochondrial degradation is implicated in the aging process; therefore, targeting age-

related degradation of mitoproteostasis and mitochondrial function through mitohormesis is 
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proposed to slow the onset and progression of aging and age-related diseases (Kennedy et al., 

2014; López-Otín et al., 2013, 2023; Zimmermann et al., 2021). In the next sections, maintaining 

mitoproteostasis with age will be explored through the following topics: 

• Origin and structure of mitochondria, and signalling the energy status of the cell, 

• Mitoribosome assembly, mtDNA-encoded protein translation, and the disruption of 

translation leading to mitohormesis, 

• Coordination of mitochondrial and cytosolic translation and the generation of a 

mitonuclear protein imbalance, 

• Stress responses to mitonuclear protein imbalance,  

• Role of UPRmt in aging and age-related diseases, and 

• Mitohormesis as a mitigating strategy to maintain mitoproteostasis with age.  

13.1.2 About the Mitochondria 

Mitochondria are cellular organelles with a unique origin. Approximately 2.1 to 1.2 billion 

years ago, a prokaryotic archaeon cell engulfed an alpha-proteobacterium (Betts et al., 2018), 

likely through microbial metabolic symbiosis (i.e., physiological interactions) (Bremer et al., 

2022). The bacterium stayed on to become present day mitochondria, or the derivative mitosomes 

and hydrogenosomes (Roger et al., 2017). A symbiotic relationship arose where the archaeon host 

provided resources to its tenant bacteria, which then shared the ATP they produced with its host. 

For the first time in evolutionary history, an organism generated and transduced its own energy 

from dedicated internal organelles, rather than relying on external sources (Lane & Martin, 2010). 

Critically, this singular symbiotic event gave rise to all eukaryotic organisms and the increased 

availability of energy likely drove this advancement (Lane & Martin, 2010; Tria et al., 2021). Over 

time, most of the genes from the bacterium tenant were transferred to the nuclear genome, leaving 



7 
 

an organelle (now called the mitochondrion) wholly dependent on its host and vice versa 

(Janouškovec et al., 2017; Sloan et al., 2018). 

A few critical genes remain within the mitochondrial genome, all necessary to produce ATP 

via oxidative phosphorylation – where oxygen is reduced to water, generating high energy ATP in 

the process (Daley & Whelan, 2005; Sloan et al., 2018). Today, the mitochondrion is a double-

membrane organelle with the following structures (Fig. 13.1) (Sherratt, 1991):  

• An inner alkaline matrix that houses the processes that breakdown dietary-sourced fuels 

and release electrons (i.e., tricarboxylic acid (TCA) cycle and β-oxidation),  

• A highly selectively permeable inner mitochondrial membrane (IMM) with convoluted 

invaginations (cristae). The IMM maintains an electrochemical potential and houses ATP 

synthase and the electron transport chain complexes essential for oxidative 

phosphorylation,  

• A relatively permeable outer mitochondrial membrane (OMM), and  

• An acidic intermembrane space (IMS) between the outer and inner membranes. 

To generate energy, the cell breaks down mainly dietary sources of protein, glucose, and fat 

into amino acids, pyruvate, and fatty acids and delivers them to the mitochondria. Inside the matrix, 

pyruvate and fatty acids are broken down by the TCA cycle and β-oxidation, respectively, to 

provide electrons and protons via the redox couple proteins NAD+/NADH (nicotinamide adenine 

dinucleotide) and FADH/FADH2 (flavin adenine dinucleotide). NAD+ is reduced to NADH, which 

then carries its electrons and proton to the IMM-spanning Complex I (CI), aptly known as NADH-

dehydrogenase. After NADH gives up its pair of electrons and proton, CI pumps four protons from 

the matrix into the IMS and transfers its electrons via the IMM-bound mobile electron carrier 
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ubiquinone/ubiquinol (CoQ/CoQH2) to Complex III (CIII – cytochrome c oxidoreductase), 

regenerating/oxidizing NAD+ in the process. After FADH is reduced to FADH2, Complex II 

(succinate dehydrogenase) receives one pair of electrons from FADH2 and transfers them to CIII 

via CoQ/CoQH2, regenerating/oxidizing FADH in the process. Unlike CI, CII does not span the 

inner membrane and does not contribute protons to the IMS. Once CIII receives electrons from CI 

and CII, it pumps four protons into the IMS and transfers its electrons to Complex IV (CIV – 

cytochrome c oxidase) via the mobile electron carrier cytochrome c (Cyt c). Subsequently, CIV 

pumps two protons into the IMS. The electrons that arrive at CIV are destined for their final 

acceptor, which is oxygen (O2) in mammals and, after accepting the electrons from CIV, will form 

water.  

All together, the complexes CI, CII, CoQ/CoQH2, CIII, Cyt c and CIV are called the 

electron transport chain (ETC). According to the Chemiosmotic Theory, the main purpose of the 

ETC is to generate a high concentration (i.e., pressure) of protons within the IMS relative to the 

matrix, creating an electrochemical gradient (aka electrochemical proton potential) (Mitchell, 

1961, 1970). The pressure of protons within the IMS is analogous to a dam that uses water pressure 

to drive an electricity-generating mechanical turbine. In mitochondria, the turbine is IMM-

spanning ATP-synthase (aka Complex V or CV), which allows protons to flow back into the matrix 

from the IMS, creating the membrane electrochemical potential. With every four protons that 

return to the matrix, ATP-synthase turns and generates ATP from adenosine diphosphate (ADP) 

and inorganic phosphate (Pi). The combined ETC and ATP-synthase process is called oxidative 

phosphorylation (OXPHOS) – oxidative because the ETC complexes strip electrons from NADH 

and FADH2, ultimately transferring them to an acceptor (like O2); phosphorylation because ADP 
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is phosphorylated to produce ATP, which is then used to transport and generate energy throughout 

the cell (Sherratt, 1991). 

It is important to note here that the OXPHOS process constitutively leads to the generation 

of reactive oxygen species (ROS), particularly from CI and CIII (Brand, 2016; Kudin et al., 2004). 

Specifically, electrons escape the ETC at CI and CIII and react with O2 to form superoxide ion 

(O2·-), which is converted to hydrogen peroxide (H2O2) by superoxide dismutases (SODs) in the 

matrix and IMS (Okado-Matsumoto & Fridovich, 2001). H2O2 is an important mitochondrial ROS 

second messenger signal that readily diffuses through the IMM and OMM into the cytosol. Low 

levels (~1-10 nM) of cytosolic H2O2 affect cellular metabolism and physiology (Sies, 2017). 

Disruption of OXPHOS (e.g., through the disruption of the membrane electric potential), will 

increase ROS production at CI and CIII and signal a stress response to either recover mitochondrial 

function (an adaptive response) or induce mitophagy (where dysfunctional mitochondria are 

targeted for degradation and removal) (Sies, 2017). ROS is an important signal from the 

mitochondria to the nucleus and cytosol, signalling the functional status of both ETC components 

and the membrane potential. And so, the structures that contribute to ATP generation within the 

mitochondria are also involved in signaling the energy transduction status and health of the 

mitochondria. 
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Figure 13.1 Structures of the mitochondrion.  

ADP/ATP – adenosine diphosphate/triphosphate; CI – Complex I (NADH-dehydrogenase); CII – Complex II (succinate 
dehydrogenase); CIII – Complex III (cytochrome c oxidoreductase); CIV – Complex CIV (cytochrome c oxidase); CV – Complex V 
(ATP synthase); FADH/FADH2 – oxidized and reduced forms of flavin adenine dinucleotide); H+ – protons ; IMS – intermembrane 
space; IMM – inner mitochondrial membrane; NAD+/NADH – oxidized and reduced forms of nicotinamide adenine dinucleotide; 
OMM – outer mitochondrial membrane; Pi – inorganic phosphate; TCA – tricarboxylic acid cycle. Created with BioRender.com.
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13.1.3  Health Benefits from the Disruption of Mitochondrial Translation 

The mammalian mitochondrial ribosome (mitoribosome) has the essential function of 

translating 11 mtDNA-encoded mRNA transcripts into 13 hydrophobic OXPHOS proteins. These 

mtDNA-encoded OXPHOS proteins are critical to mitochondrial ATP production. To introduce 

mild mitochondrial translation stress and induce mitohormesis (i.e., lifespan and health span 

extension) within C. elegans, Houtkooper et al. (2013) used RNA-interference (RNAi) 

methodology to reduce the expression of mitochondrial ribosomal proteins (MRPs) (Conte et al., 

2015; Houtkooper et al., 2013). This section explores the structure, assembly process, and function 

of the mammalian mitoribosome to better understand how mild disruption of individual MRPs 

could lead to mitohormesis in mammals. 

The mitoribosome consists of a large and small subunit, both made of nDNA-encoded MRPs 

and mtDNA-encoded mitoribosomal RNAs (mito-rRNAs). Mitoribosomes are relatively low in 

abundance (~34,000 mitoribosomes vs. 6,000,000 cytoplasmic ribosomes in a HeLa cell 

(Bogenhagen et al., 2014)) and reside in the matrix tethered to the IMM such that the polypeptide 

exit tunnel is aligned with oxidase assembly-1-like insertase (OXA1L) (Fig. 13.2). With 

cardiolipin (a negatively charged lipid abundant in the IMM), OXA1L aids the insertion of newly 

translated OXPHOS proteins into the IMM (Greber et al., 2014; Itoh et al., 2021; R. G. Lee et al., 

2020; Liu & Spremulli, 2000). 

In mammals, mitoribosome assembly begins within nucleoids, which are nucleus-like 

regions in the matrix that contain one or more copies of circular mtDNA folded with mitochondrial 

transcription factor-A (TFAM) and single-stranded binding protein (SSBP) (Bogenhagen et al., 

2014) (Box 13.1; Fig. 13.3). Mitoribosome assembly moves to RNA granules, which are 

processing bodies peripheral to the nucleoids where mito-rRNAs are matured (Antonicka & 
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Shoubridge, 2015). Since mitoribosome assembly begins in nucleoids and RNA granules, mtDNA 

replication and transcription are linked with mRNA processing and protein translation 

(Bogenhagen et al., 2014; De Silva et al., 2015) (Fig. 13.2). Furthermore, nucleoids in the matrix 

are found indirectly connected to the cytoskeleton via the IMM and OMM, and RNA granules co-

localize with protein import machinery (like the translocase in the outer membrane [TOM] 

complex) (Iborra et al., 2004). The physical connections between nucleoids and the cytoskeleton 

and between RNA granules and TOM suggest that mitochondrial and cytoplasmic translation 

complexes are efficiently coordinated (De Silva et al., 2015). Since OXPHOS complexes require 

both nDNA- and mtDNA-encoded proteins, efficient coordination between cytoplasmic and 

mitochondrial translation machinery is essential to maintain a mitonuclear protein balance. 

The 82 nDNA-encoded MRPs (30 small subunit and 52 large subunit MRPs) that make up 

the mammalian mitoribosome are imported into the matrix in considerable excess (Bogenhagen et 

al., 2018; Bogenhagen & Haley, 2020). Mitoribosome assembly takes 2-3 hours after which excess 

MRPs are degraded to avoid accumulation (Bogenhagen et al., 2018). Over synthesis of MRPs is 

possibly to ensure an adequate supply for mitoribosome assembly, especially during sustained 

growth and high turnover rates. Near the mtDNA-containing nucleoids where mitoribosome 

biogenesis begins, there appears to be a larger steady-state pool of small subunit MRPs (MRPSs) 

compared to large subunit MRPs (MRPLs). This relative MRPL excess may reflect a higher MRPL 

turnover rate (i.e., MRPL proteins spend less time assembling) (Bogenhagen et al., 2014). Excess 

MRPs in general may be required for slow or sterically restricted assembly stages. For example, 

early-stage processing of mito-rRNAs in RNA granules is a time-consuming process and possibly 

rate-limiting for mitoribosome assembly (Bogenhagen et al., 2014). 
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As mentioned, early introduction of mild stress through the disruption of mitoribosomal 

function has the mitohormetic effect of increasing health span and lifespan in C. elegans (M. Guo 

et al., 2023; Houtkooper et al., 2013). Houtkooper et al. (2013) introduced RNAi to the roundworm 

prior to the onset of adulthood (i.e., before larval 4 [L4] stage) to reduce Mrp expression.  In brief, 

C. elegans were fed RNAi-expressing Escherichia coli, which specifically reduced the expression 

of individual MRPSs (MRPS5, MRPS27, or MRPS30) or MRPLs (MRPL1, MRPL2, MRPL15, 

MRPL23, MRPL37, MRPL47, or MRPL54) in worm tissues by ~50% (Fig. 13.3). All MRP 

reduction experiments demonstrated a mitonuclear protein imbalance where the disruption of 

mitochondrial translation resulted in fewer mtDNA-encoded relative to nDNA-encode proteins. 

The mitonuclear protein imbalance activated the nematode mitochondrial unfolded protein 

response (UPRmt) and increased lifespan compared to empty vector controls (lifespan extension 

ranged from +37.2% for Mrpl54 RNAi to +124% for Mrpl15 RNAi) (Houtkooper et al., 2013).  

The authors propose that a mitonuclear protein imbalance is a conserved longevity 

mechanism because it is a common feature linking other C. elegans longevity pathways. These 

other pathways include treatment with antibiotics like doxycycline or chloramphenicol (i.e., 

inhibition of mitochondrial translation), as well as treatment with rapamycin or resveratrol. Both 

rapamycin and resveratrol treatment extend lifespan in multiple animal models (Hector et al., 2012; 

Weichhart, 2018) and result in a mitonuclear protein imbalance in C. elegans through the reduction 

in nDNA-encoded relative to mtDNA-encoded proteins (Houtkooper et al., 2013). The reduction 

of nDNA-encoded proteins by rapamycin may be due to the activation of general control non-

depressible-2 (GCN2) kinase (Kubota et al., 2003). Activated GCN2 phosphorylates eIF2α 

(cytosolic eukaryotic translation initiation factor-2 alpha subunit) and inhibits global cytosolic 

translation, reducing the number of nDNA-encoded proteins relative to mtDNA-encoded proteins.
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Figure 13.2 Overview of the mitoribosome. 

IMM – inner mitochondrial membrane; IMS – intermembrane space; MRP – mitochondrial ribosomal protein; MRPL – large 
subunit mitochondrial ribosomal protein; MRPS – small subunit mitochondrial ribosomal protein; mtDNA – mitochondrial DNA; 
mtLSU – large subunit of the mitochondrial ribosome; mtSSU – small subunit of the mitochondrial ribosome; nDNA – nuclear 
DNA; OMM – outer mitochondrial membrane; OXA1L – oxidase assembly-1-like insertase; TOM – translocase of the outer 
membrane; TIM23 – translocase of the inner membrane-23. Created with BioRender.com
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BOX 13.1 Mitoribosome assembly 

The mammalian mitoribosome sediments as a 55S particle consisting of a 39S large 

subunit (mtLSU) and 28S small subunit (mtSSU). The mtLSU consists of 16S rRNA,  

tRNAVal, and 52 mtLSU mitochondrial ribosomal proteins (MRPLs). The mtSSU consists 

of 12S rRNA and 30 mtSSU MRPs (MRPSs). All 82 MRPs and their assembly factors (AF) 

are encoded by the nuclear genome and translated in the cytosol, close to import machinery 

that transport them to the matrix (Fig. 13.2). Both the mtLSU and mtSSU are assembled in 

stages (Amunts et al., 2015; Bogenhagen et al., 2014), where the latter stages are dependent 

on prior assembly intermediates; however, mtLSU and mtSSU complexes can arise from 

parallel assembly pathways (Bogenhagen et al., 2018; Khawaja et al., 2023). The mtSSU has 

two main assembly stages – early and late (Fig. 13.3). Early mtSSU assembly begins with 

12S rRNA and the binding of 18 MRPSs, including MRPS5, which bridges 12S rRNA to 

early-stage MRPs, and was reduced to induce mitohormesis in Houtkooper et al. (2013) 

(Amunts et al., 2015; Houtkooper et al., 2013; Lopez Sanchez et al., 2021). Recruitment of 

the remaining 12 late-stage MRPSs enable the interface between the mtLSU and mtSSU.  

Assembly of the mtLSU has three stages: early, intermediate, and late (Fig. 13.3). The 

mtLSU early stage begins with 16S rRNA and 23 MRPLs, including MRPL45, which tethers 

the mtLSU to the IMM. The polypeptide exit tunnel is formed during the intermediate stage 

with the addition of 12 MRPLs (Brown et al., 2014; Lopez Sanchez et al., 2021). Late-stage 

mtLSU assembly involves the remaining 17 MRPLs to complete the interface with the 

mtSSU, including MRPL54, which interacts with intermediate-stage MRPL11 and is critical 

to stabilizing the L7/L12 stalk, which functions to promote recruitment of AFs (Aibara et 

al., 2020; Diaconu et al., 2005; Tobiasson et al., 2021). 
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Figure 13.3 55S mitoribosome assembly. 

Bold MRPs in red are the proteins that were reduced by ~50% in a C. elegans longevity model to generate a mitonuclear protein 
imbalance, UPRmt response, and lifespan extension (Houtkooper et al., 2013). MRP – mitochondrial ribosomal protein; MRPL – 
large subunit mitochondrial ribosomal protein; MRPS – small subunit mitochondrial ribosomal protein; mtLSU – large subunit of 
the mitochondrial ribosome; mtSSU – small subunit of the mitochondrial ribosome; rRNA – ribosomal RNA; tRNAVal – transfer 
RNA for valine; UPRmt – mitochondrial unfolded protein response. Created with BioRender.com



   
 

17 
 

13.1.4  Generation of a Mitonuclear Protein Imbalance 

Except for CII, which is entirely nDNA-encoded, the multimeric OXPHOS complexes (CI, 

CIII, CIV, and CV) require both nDNA- and mtDNA-encoded protein subunits. For example, 

mammalian CI has 45 structural protein subunits of which 38 are nDNA-encoded (Hirst et al., 

2003) and 7 are mtDNA-encoded (Mercer et al., 2011). That subunit proteins are dual sourced 

indicates the construction of OXPHOS complexes requires responsive and synchronous 

coordination between cytosolic and mitochondrial translation machinery, to prevent the 

accumulation of unassembled subunits.  

From yeast to mammals, nDNA-encoded OXPHOS assembly factors (AFs) regulate 

mitochondrial translation in response to the status of cytosolic translation, which is a form of 

unidirectional cytosol to mitochondria communication (Couvillion et al., 2016; Richter-

Dennerlein et al., 2016). Specifically, OXPHOS AFs adjust mitochondrial translation in response 

to the availability of nDNA-encoded OXPHOS subunits. For example, when the cytosolic 

translation of human nDNA-encoded cytochrome c oxidase subunit-4 (COX4, or yeast nDNA-

encoded COX14) is repressed, the mitoribosome pauses the translation of mtDNA-encoded COX1 

(Richter-Dennerlein et al., 2016). Pausing the mitoribosome delays the assembly of CIV. In 

humans, this response is regulated by the AF called MITRAC (mitochondrial translation regulation 

assembly intermediate of cytochrome c oxidase complex), which maintains a partially-translated 

COX1 in an arrested primed state with the mitoribosome until COX4 is recruited from the cytosol. 

Therefore, cytosolic translation status is communicated through AF-mediated pausing of the 

mitoribosome. In this way, the rate of mitochondrial protein production and respiratory complex 

biogenesis can be directly adapted to meet cellular metabolic demand.  
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The opposite direction, where the status of mitochondrial translation directly regulates 

cytosolic translation (i.e., mitochondrial to cytosol communication), has yet to be demonstrated in 

mammals or yeast (Couvillion et al., 2016; Soto et al., 2022). Current evidence does not support 

direct communication from the mitoribosome to cytosolic ribosome in response to stalled 

production of mitochondrial protein subunits. The mammalian and yeast cytosolic translation 

maintains its pace regardless of the repression of mtDNA-encoded protein synthesis (Couvillion 

et al., 2016; Soto et al., 2022). However, there is evidence of indirect communication from 

mitochondria to cytosol translation machinery, where RNAi-mediated reduction of MRPS5 (small 

mitochondrial ribosomal subunit-5) in C. elegans and in vivo doxycycline treatment in mice 

impairs mitochondrial translation and subsequently decreases cytosolic translation (Molenaars et 

al., 2020). Specifically, mitoribosome disruption results in a cellular stress response (i.e., 

retrograde mitochondria to nuclear communication) that leads to a reduction in cytosolic 

translation. A mechanism underlying the reduction in cytosolic translation may involve a shift 

from polysomes (mRNA with ≥2 cytosolic ribosomes) to monosomes (mRNA associated with a 

single cytosolic ribosome) (for an example see integrated stress response in Fig. 13.4 (Molenaars 

et al., 2020)). 

There is clear cross-species evidence of direct unidirectional communication between 

cytosolic and mitochondrial translation machinery, where the mitoribosome will pause and wait 

for incoming nDNA-encoded proteins to arrive before proceeding. The evidence is less clear for 

the opposite pathway (i.e., direct mitochondrial to cytosolic translational machinery 

communication). Importantly (and regardless of whether a compromised mitoribosome directly 

impacts cytosolic translation), a dysfunctional mitoribosome leads to cellular stress responses that 
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will attempt to resolve the mitonuclear protein imbalance (Houtkooper et al., 2013; Soto et al., 

2022), and reduction of cytosolic translation is part of the stress response (Molenaars et al., 2020). 

13.1.5  Mammalian Stress Responses to Mitochondrial Translation Dysfunction 

In mammals, there are two known cellular stress responses to mitochondrial translation 

dysfunction (such as a stalled mitoribosome) - the integrated stress response (ISR) (Quirós et al., 

2017) and the mitochondrial unfolded protein response (UPRmt) (Zhao et al., 2002). The ISR is 

considered the primary response to mitochondrial stressors in mammals and hinges on the 

phosphorylation status of the cytosolic eukaryotic translation initiation factor-2 alpha subunit 

(eIF2α). Phosphorylation of eIF2α inhibits the initiation of cytosolic translation, reducing the 

general global production rate of protein. The ISR and the UPRmt in mammals are strongly coupled 

in that they both respond to mitoproteostasis stress and the UPRmt appears to be preceded and 

activated by the ISR (Forsström et al., 2019).  
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Figure 13.4 HRI-mediated activation of the ISR in response to mito-translation stress. 

Doxycycline treatment induces mitoribosomal stress, which causes OMA1 to cleave DELE1, 
releasing its short form (S-DELE1) into the cytoplasm (X. Guo et al., 2020). S-DELE1 
activates HRI, which then phosphorylates eIF2α. Phosphorylated eIF2α reduces global protein 
synthesis but allows the synthesis of proteins involved in the stress response pathways. DELE1 
– DAP3-binding cell death enhancer-1; eIF2α – eukaryotic translation initiation factor-2 alpha 
subunit; GDP – guanosine diphosphate; HRI – heme-regulated inhibitor; IMM – inner 
mitochondrial membrane; ISR – integrated stress response; OMA1 – overlapping proteolytic 
activity with m-AAA protease-1; OMM – outer mitochondrial membrane; ORF – open reading 
frame; S-DELE1 – short form of DELE1; UPRmt – mitochondrial unfolded protein response. 
Created with BioRender.com
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In mammals, mitochondrial translation stress is known to invoke the ISR through the heme-

regulated inhibitor (HRI – which is also canonically activated through cytosolic proteotoxicity) 

(Girardin et al., 2021; X. Guo et al., 2020; Mick et al., 2020) (Fig. 13.4). For example, in response 

to mitoribosome dysfunction through doxycycline treatment, the IMM-bound stress-activated 

metalloendopeptidase OMA1 (overlapping proteolytic activity with m-AAA protease-1) cleaves 

DELE1 (DAP3-binding cell death enhancer-1) into its short-form (S-DELE1). S-DELE1 is 

released from the IMM, moves to the cytosol, and then activates HRI kinase and the ISR (X. Guo 

et al., 2020) (Fig.13.4). Activated HRI kinase will phosphorylate eIF2α, which prevents the 

initiation of general global cytosolic translation, thereby reducing the load on protein chaperones 

(Chaveroux et al., 2011; Falcón et al., 2019). To propagate the ISR and subsequently the UPRmt, 

the proteins involved in these two stress response pathways escape HRI-mediated translation 

inhibition. Specifically, stress response mRNAs have alternate open reading frames (ORFs) that 

allow translation to continue (i.e., aka privileged translation) even though global cytosolic 

translation is inhibited (Anderson & Haynes, 2020; Forsström et al., 2019; X. Guo et al., 2020) 

Mitochondrial translation stress activation of the ISR (e.g., through HRI-mediated 

phosphorylation of eIF2α) upregulates activating transcription factor-4 (ATF4), which is the ISR 

master regulator in mammals. ATF4 upregulation results in the activation of multiple stress 

response genes and their protein products. These stress response proteins include ATF5 (the master 

regulator for the UPRmt), CHOP (CCAAT/enhancer binding protein homology protein, which is 

thought to fine-tune the ISR and activate ATF5), and FGF21 (a myokine that may transmit the 

mammalian stress response to other tissues) (Forsström et al., 2019; Kaspar et al., 2021; Teske et 

al., 2013). Likewise in C. elegans, a disrupted mitoribosome (e.g., through decreased MRP 

production or doxycycline treatment) will result in a decrease in general cytosolic translation with 
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specific upregulation of Atf-5 (the C. elegans orthologue of mammalian ATF4) and Atfs-1 (the C. 

elegans orthologue of mammalian ATF5 and the master regulator of the nematode UPRmt) 

(Molenaars et al., 2020). 

The mammalian UPRmt is a mitochondrial stress response axis that is downstream from the 

ISR (Zhao et al., 2002). It shares many of the features of the nematode UPRmt (Al-Furoukh et al., 

2015; Haynes et al., 2007) where both are critical mechanisms by which mitochondrial protein 

homeostasis (mitoproteostasis) is regained in response to mitochondrial stressors. The UPRmt helps 

maintain stable protein levels by refolding misfolded proteins and resolving oxidative stress. 

Inducers of the mammalian UPRmt include the following:  

1) Compromised processes that are required to maintain mitonuclear protein balance (e.g., 

disrupted mitochondrial translation, mitochondrial protein importation, or respiratory 

complex assembly) (Melber & Haynes, 2018; Rolland et al., 2019),  

2) Compromised processes or drugs that affect mitochondrial membrane potential but do not 

necessarily affect mitonuclear protein balance (e.g., knockdown of respiratory CII genes, 

compromised TCA cycle or lipid metabolism proteins, CI inhibitors like rotenone, or CIII 

inhibitors like antimycin) (Rolland et al., 2019), and  

3) Oxidative stress (e.g., tumour necrosis factor alpha [TNFα]-induced ROS production, 

which transiently opens the mitochondrial permeability transition pore [mPTP] and reduces 

membrane potential) (Dasgupta et al., 2020).  

Stress signals from within the mitochondrion signal a cascade of nuclear gene expression 

to mitigate or resolve the stressor (Fig. 13.5). In the absence of mitochondrial stress in mammals, 

ATF5 (the UPRmt master regulator) moves from the cytosol into the mitochondria via the TOM 

complex using its relatively weak amphipathic amino-terminus sequence signal (Fig. 13.5A). Once 
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inside the mitochondrial matrix, ATF5 is degraded (Fiorese et al., 2016). However, when a 

mitochondrial stress signal is detected, (e.g., a reduced membrane potential that prevents the 

importation of mitochondrial proteins with a low net charge) (Nargund et al., 2012; Rolland et al., 

2019), ATF5 accumulates in the cytosol and then moves to the nucleus where it induces the 

expression of proteins involved in the remodeling of chromatin (Merkwirth et al., 2016; Tian et 

al., 2016) and the refolding and degradation of misfolded protein. UPRmt upregulated refolding 

proteins include the mitochondrial chaperones HSP60 (heat shock protein 60) and HSP10. 

Together, HSP60 and HSP10 form the HSP60/10 chaperonin complex - a football-shaped 

tetradecamer nanocage that functions to unfold then refold a misfolded protein (Gomez-Llorente 

et al., 2020; Sadat et al., 2022; Wälti et al., 2021) (Fig. 13.5B). In addition, mtHSP70 and the 

protein-degradation enzyme LON peptidase-1 (LONP1) are upregulated in response to ATF5 

translocation to the nucleus (Fiorese et al., 2016). Under unstressed conditions, LONP1 is proposed 

to synergistically cooperate with mtHSP70 and works primarily as a housekeeping chaperone by 

helping to assemble OXPHOS complexes (Shin et al., 2021). However, in the presence of 

mitochondrial stress, LONP1 is phosphorylated, which increases its protease activity (Ghosh et 

al., 2019).  

In summary, mammalian cells first respond to mitochondrial proteostasis stress through 

activation of the ISR, which functions to both reduce general cytosolic translation as well as 

activate the UPRmt. The UPRmt is initiated through the translocation of ATF5 into the nucleus, 

after which stress response genes are upregulated. The UPRmt stress upregulated HSP60/10 

chaperonin complex then attempts to rectify protein misfolding in the mitochondrial matrix. 

mtHSP70 and LONP1 are also upregulated upon UPRmt activation, and they function to refold or 

degrade misfolded proteins, respectively.
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Figure 13.5 UPRmt in the mammalian mitochondrion. 

A) In the absence of stress, ATF5 moves to the mitochondrial matrix where it is degraded. B) Mitochondria stress (red arrow) 
signals ATF5 to move to the nucleus, where UPRmt stress response genes are upregulated. ATF5 – activating transcription factor-5; 
HSP10 – heat shock protein-10; HSP60 – heat shock protein-60; LONP1 – LON peptidase-1; mtHSP70 – mitochondrial heat shock 
protein-70; MTS – mitochondrial targeting signal; NTS – nuclear targeting signal; TOM – outer membrane translocase; UPRmt – 
mitochondrial unfolded protein response. Created with BioRender.com
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13.1.6  UPRmt in Aging and Age-related Disease 

Initially identified for its role in restoring mitoproteostasis, the UPRmt has since been 

implicated in aging and in the pathogenesis of age-related conditions. These conditions include 

Alzheimer’s Disease, Parkinson’s Disease, cancer, and sarcopenia, among others (Beck et al., 

2016; Hu et al., 2019; Urbina-Varela et al., 2020). Mitoproteostasis stress and the UPRmt response 

both increase with age in certain cell types such as in activated hippocampal neural stem cells 

(implicated in age-related cognitive decline) (C. L. Wang et al., 2023) and mitochondria-rich (i.e., 

aerobic) skeletal muscles such as the soleus (implicated in sarcopenia) (Tamura et al., 2017). In 

contrast, the UPRmt response is blunted in age-related progressive cell senescence (i.e., aged cells 

that exhibit mitochondrial dysfunction and irreversible growth arrest, secrete components that 

promote chronic inflammation, and where their accumulation accelerates aging) (Chapman et al., 

2019; T. Y. Lee et al., 2020; Regulski, 2017). In senescent cells, a reduced UPRmt response may 

be due to age-related hypermethylation of histone-3, which would effectively hinder ATF5’s 

access to DNA in response to mitochondrial stress (Y. Guo et al., 2023; Snigdha et al., 2016). In 

many cancers (e.g., cancers of the prostate, large bowel, and liver), upregulation of the UPRmt 

contributes to tumour survival (Inigo & Chandra, 2022; S. F. Wang et al., 2020), suggesting that 

shutting down the UPRmt in senescent cells may in fact provide protection through tumor 

suppression (Q. Chen et al., 2023). 

Intriguingly, inducing the UPRmt through extrinsic or intrinsic methods appears to mitigate 

mitoproteostatic stress in age-related disease models. In a C. elegans Alzheimer’s Disease (AD) 

model, inducing UPRmt through treatment with doxycycline or a reduction in small mitoribosomal 

subunit-5 (Mrps5) expression results in reduced amyloid-β proteotoxicity and increased worm 

fitness and lifespan (Sorrentino et al., 2017). In both AD neuroblastoma cell and AD mouse 
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models, an activated UPRmt has a cytoprotective effect (Shen et al., 2020). Likewise, in a 

Parkinson’s Disease neuroblastoma cell model and sarcopenia mouse models, activation of the 

UPRmt reduces mitoproteostatic stress and has cytoprotective effects (Cordeiro et al., 2020; Hu et 

al., 2021; Kayani et al., 2010).  

Overall, mitochondrial dysfunction is recognized as a hallmark of aging (López-Otín et al., 

2013, 2023), with age-related increased ROS production and oxidative stress (i.e., persistent 

imbalance between ROS/free radical generation and the inability of a cell to deactivate them) along 

with the accumulation of misfolded proteins, all shown to contribute to age-related diseases (Y. 

Guo et al., 2023). The induction of the UPRmt in response to mitoproteostatic stress appears to be 

protective at least in the early stages of aging. However, the dampening of the UPRmt in senescent 

cells may be in response to overactivation of the UPRmt, as observed in tumour cells. 

13.1.7  UPRmt as a Mitohormetic Leading to Beneficial Health Effects 

Mitohormesis describes a situation where a small level of mitochondrial stress elicits a 

beneficial adaptive response that primes the cell, tissue, and/or organism to be resistant to future 

stressors. A well-studied mitohormetic is moderate-intensity exercise. Regular exercise is a 

stressor that causes skeletal muscle mitochondria to release retrograde signals to the nucleus in the 

form of ROS and the UPRmt (Cordeiro et al., 2020; Goh et al., 2023; Memme et al., 2016; Qiu et 

al., 2023; Slavin et al., 2022; Z. Wang et al., 2022), with positive health effects transmitted 

throughout the organism. The beneficial effects of a hormetic are generally depicted as a biphasic 

dose-response relationship in the form of a J-curve or U-curve. There typically is a low-dose 

beneficial stimulation threshold (below which there is either no effect or a negative effect) and a 

high-dose limit (above which there is inhibition or a negative effect) (Calabrese et al., 2012). The 

mitohormetic adaptive response to regular moderate-intensity exercise results in the following: 1) 
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maintenance of mitochondrial function and protein homeostasis through stimulated 

mitobiogenesis and mitochondrial network formation (Musci et al., 2018), 2) increased health span 

and life span (Arem et al., 2015; Chakravarty et al., 2008), and 3) reduced DNA damage (Schmidt 

et al., 2016). However, excess or over-strenuous exercise induces an overabundance of ROS and 

oxidative stress that can lead to DNA damage (Wagner et al., 2011). 

Genetic mutation or RNAi-induced mild mitoproteostatic stress has been implicated as a 

mitohormetic in several animal models from C. elegans to mammals (Dell’Agnello et al., 2007; 

M. Guo et al., 2023; Houtkooper et al., 2013; Ozkurede & Miller, 2019). There are at least two 

long-lived mouse models where an genetic mutation-induced UPRmt response is associated with 

an increased lifespan – 1) Snell dwarf mice with homozygous mutations on pituitary-specific 

positive transcription factor-1 gene (Pit1) that downregulates growth hormone signalling and leads 

to ~40% lifespan extension (Ozkurede & Miller, 2019), and 2) surfeit locus protein-1 (Surf1) KO 

mice, where SURF1 is an IMM-embedded accessory factor that assists in the assembly of mtDNA-

encoded subunits of respiratory complex CIV (Dell’Agnello et al., 2007). In C. elegans models, 

both lifespan and health span are extended after mitochondrial protein translation is disrupted, 

which generates a mitonuclear protein imbalance and invokes the UPRmt (M. Guo et al., 2023; 

Houtkooper et al., 2013). 

Compared to wildtype mice, both long-lived Snell dwarf mice and SURF1-KO mice show 

stronger UPRmt basal activity in cultured fibroblasts (i.e., higher HSP60 and LONP1 levels) 

(Flurkey et al., 2002; Ozkurede & Miller, 2019; Pharaoh et al., 2016). Snell dwarf mice treated 

with doxycycline show a stronger UPRmt in response to mitoproteotoxic stress in both cultured 

fibroblasts and liver samples of treated mice, which results in an improved ability to maintain 

mitoproteostasis (e.g., mitoribosomal production of mtDNA-encoded COX1 protein quickly 
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recovers after doxycycline treatment in Snell mice) (Ozkurede & Miller, 2019). Likewise, cultured 

fibroblasts from SURF1-KO mice challenged with oxidative stressors (paraquat or tert-Butyl 

H2O2) show a strong UPRmt response and enhanced cell survival (Pharaoh et al., 2016). SURF1-

KO mouse skeletal muscle and heart tissue show both an upregulated UPRmt and antioxidant 

response (Pulliam et al., 2014). Importantly from a mitohormesis standpoint, SURF1 deficiency 

in humans is the leading cause of Leigh Syndrome (a neurometabolic disorder leading to early 

death). However, the same Surf1 mutation in mice leads to a milder response (~50% decline in 

mouse CIV activity vs. >90% CIV decline in humans) and an extended mouse lifespan 

(Dell’Agnello et al., 2007; Wedatilake et al., 2013). Dell’Agnello et al. (2007) suggest the milder 

response to SURF1 deficiency in mice may be due to genetic compensation (i.e., `COX assembly 

function was partly taken over by other factors). 

A reduction in Mrp expression was initially found to correlate with lifespan extension 

through quantitative trait locus mapping in BXD mice (multigenerational intercrosses between 

C57BL/6J and DBA/2J mouse strains generating recombinant inbred mice with a genetic 

complexity that matches many human populations) (Houtkooper et al., 2013; Peirce et al., 2004). 

Lifespan extension also correlated with Mrp reduction in skeletal muscle microarray analyses of 

aged and calorie restricted C57BL/6J mice (Edwards et al., 2007). To test the hypothesis that Mrp 

reduction will lead to a lifespan extension, Houtkooper et al. (2013) reduced Mrp expression in a 

C. elegans model using RNAi. The results were robustly increased lifespan and health span (i.e., 

induced delay in the expected age-related decline of both pharyngeal pumping and muscle fibre 

organization). A mitonuclear protein imbalance and subsequent activation of the UPRmt were 

identified as the underlying mechanisms for lifespan extension in C. elegans. This was considered 

a conserved response since a mitonuclear protein imbalance and UPRmt induction are shared with 
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other mitoproteostasis-implicated longevity pathways including ETC component knockdown and 

doxycycline treatment (M. Guo et al., 2023; Houtkooper et al., 2013). 

A reduction in Mrp expression and the mitonuclear protein imbalance that follows generates 

a mild mitoproteostatic stress retrograde signal that invokes the UPRmt and leads to an improved 

health span and life span in C. elegans models. In mammals, the SURF1-KO mouse and Snell 

dwarf mouse models suggest that mild mitoproteostatic stress and subsequent induction of the 

UPRmt from an early age plays a role in the lifespan extension observed in these two longevity 

models. This thesis investigates whether a germline reduction in the expression of a critical Mrp 

gene (Mrpl54) in a mouse model likewise generates a UPRmt mitohormetic response and examines 

the effects of Mrpl54 reduction on mouse lifespan, metabolic health span, and skeletal muscle 

aging. 
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14. Aims and Objectives 

 Based on the C. elegans reduced Mrp longevity model (Houtkooper et al., 2013), we 

hypothesized that germline reduction of Mrpl54 expression (Mrpl54+/-) in a mouse model will: 1) 

improve mouse metabolic health span, and 2) increase mouse lifespan. The specific aims of this 

thesis were as follows: 

1) To characterize the Mrpl54+/- mouse model (quantitative analysis of tissue Mrpl54 expression 

using reverse transcriptase quantitative polymerase chain reaction [RT-qPCR], semi-quantitative 

analysis of levels of proteins involved in UPRmt upregulation using western blot, and detection of 

mitonuclear imbalance using western blot and protein mass spectrometry) 

2) To assess Mrpl54+/- metabolic health with age through the assessment of body composition, 

indirect calorimetry, glucose and insulin challenge, endurance treadmill, cold challenge, and heart 

rate and blood pressure monitoring, and 

3) To assess Mrpl54+/- median lifespan, maximum life expectancy, and 24-month life expectancy. 

 During the characterization of the Mrpl54+/- mouse model, we observed reductions in ETC 

complex subunit proteins in cultured primary myoblasts. These observations led us to a second 

hypothesis that an aging Mrpl54+/- mouse model will have premature reduction in 1) grip strength, 

2) treadmill endurance, and 3) ex vivo skeletal muscle tetanic force, fatigue resistance, and fatigue 

recovery, as well as 4) premature disruption of skeletal muscle sarcomeres and/or Ca2+-release 

units (CRUs). 
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15.1 Abstract 

Maintaining mitochondrial function is critical to an improved health span and lifespan. 

Introducing mild stress by inhibiting mitochondrial translation invokes the mitochondrial unfolded 

protein response (UPRmt) and increases lifespan in several animal models. Notably, lower 

mitochondrial ribosomal protein (MRP) expression also correlates with increased lifespan in a 

reference population of mice. In this study, we tested whether partially reducing the expression of 

a critical MRP, Mrpl54, reduced mitochondrial DNA-encoded protein content, induced the UPRmt, 

and affected lifespan or metabolic health using germline heterozygous Mrpl54 mice. Despite 

reduced Mrpl54 expression in multiple organs and a reduction in mitochondrial-encoded protein 

expression in myoblasts, we identified few significant differences between male or female 

Mrpl54+/- and wild type mice in initial body composition, respiratory parameters, energy intake 

and expenditure, or ambulatory motion. We also observed no differences in glucose or insulin 

tolerance, treadmill endurance, cold tolerance, heart rate, or blood pressure. There were no 

differences in median life expectancy or maximum lifespan. Overall, we demonstrate that genetic 

manipulation of Mrpl54 expression reduces mitochondrial-encoded protein content but is not 

sufficient to improve health span in otherwise healthy and unstressed mice. 

Key words: mitochondrial translation, mitochondrial ribosomal proteins, MRPL54, nDNA, 
mtDNA, mitonuclear protein imbalance, UPRmt, stress response, longevity, metabolic health, 
aging, metabolism  
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15.2 Introduction 

Since 1972, mitochondria have been implicated in the aging process1-4, initially as a source 

of free radicals in the mitochondrial theory of aging, and more recently as an indicator where 

reduced mitochondrial respiratory chain efficiency is considered a cellular hallmark of aging5,6. 

This is because mitochondrial dysfunction: (1) occurs during normal aging7-9; (2) is implicated in 

age-related pathologies such as type 2 diabetes, cardiovascular disease, and cancer10-12; and (3) 

aggravation of mitochondrial dysfunction accelerates aging13. If mitochondrial dysfunction 

contributes to aging, then improving mitochondrial function should slow normal aging14. Although 

seemingly contradictory, mitochondrial stress early in development maintains mitochondrial 

function with age in several animal models15-19. This stress triggers a compensatory beneficial 

response – i.e., a mitochondrial hormetic (mitohormetic) response, which is suggested to improve 

health span and/or lifespan6,20. If mild mitochondrial stress improves health span or extends 

lifespan in mammals, then this opens new possibilities in human health span and longevity 

research. 

Specifically, mitochondrial translation stress is emerging as a promising mitohormetic 

strategy15,21,22. The mitochondrial ribosome (mitoribosome), which consists of ~80 mitoribosomal 

proteins (MRPs)23, conducts mitochondrial translation to produce essential electron transport chain 

(ETC) complex protein subunits encoded by mitochondrial DNA. Previously, we showed that 

partial knockdown of any individual Mrp, and the subsequent disruption of mitochondrial 

translation, improved metabolic health and extended the lifespan of Caenorhabditis elegans15. 

Reducing the expression of a single Mrp induced a mitonuclear protein imbalance, a stoichiometric 

imbalance between nuclear- (nDNA) and mitochondrial-DNA (mtDNA) encoded ETC subunits. 

This imbalance subsequently activated the mitochondrial unfolded protein response (UPRmt) – a 
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nuclear transcriptional response that maintains or restores mitochondrial proteostasis24-26. 

Strikingly, the variation in expression of MRP genes amongst recombinant-inbred BXD mouse 

strains27,28, e.g., Mrps5 expression, inversely correlated with a ~250-day increase in lifespan15. 

Further, fibroblast cell cultures from long-lived Snell dwarf mice had greater expression of UPRmt 

markers, including elevated 60kDa mitochondrial heat shock protein (HSP60 or HSPD1)29. 

Therefore, chronic disruption of mitochondrial translation and induction of the UPRmt may 

promote both longevity and an improved health span via mitohormesis15,30-35.  

The observation that the reduction of Mrp expression and consequent induction of 

mitonuclear imbalance induced the UPRmt and promoted longevity across species led us to a 

general hypothesis: partial disruption of a critical Mrp gene in a mouse model would result in 

improved metabolic health with age and/or an increased lifespan. To test this hypothesis, we 

engineered a whole-body mouse model heterozygous for the Mrpl54 gene (Mrpl54+/-). The 

MRPL54 protein was selected because: (1) reduced expression of Mrpl54 invokes the UPRmt and 

extends C. elegans lifespan15; (2) MRPL54 is evolutionarily conserved between species36; and (3) 

MRPL54 is essential to both recruitment of essential factors for mitochondrial translation37,38 and 

ETC function39. To assess metabolic health with age, we subjected both male and female Mrpl54+/- 

and Mrpl54+/+ (wildtype, WT) littermate mice to in vivo metabolic phenotyping at 6-, 18-, and 24-

months of age. In parallel, we conducted a longevity study to assess the effect of mitochondrial 

stress on life expectancy and lifespan. 
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15.3 Results 

15.3.1 Generation of Mrpl54+/- mice 

To investigate the effect of reduced Mrpl54 expression on whole body metabolism and 

longevity, we generated mice heterozygous for Mrpl54 (Fig. 15.1a) by deleting exon 2 in the 

Mrpl54 gene. Homozygous Mrpl54 exon 2 deletion proved lethal, as no Mrpl54-/- mice were 

observed at weaning, yet WT and Mrpl54+/- were born at the expected Mendelian ratio (Fig. 15.1b). 

This agrees with current understanding that there is little functional redundancy in Mrp genes40. 

Next, to assess if Mrpl54+/- led to reduced expression of the targeted gene, we performed qPCR 

analysis in gastrocnemius, heart, liver, interscapular brown adipose tissue (BAT), and proximal 

colon tissues from 7-week-old male and female mice. We found that the relative expression of 

Mrpl54 was highest in gastrocnemius and lowest in the liver (Fig. 15.1c). Additionally, in all 

tissues tested, Mrpl54 expression was reduced by ~50% in Mrpl54+/- mice compared to WT (Fig. 

15.1d).  
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Figure 15.1 Generation and basic characterization of the Mrpl54+/- model 

a) Generation of the Mrpl54+/- mouse model through the deletion of exon 2 at the Mrpl54 
allele. Adapted from the Mouse Genome Database61. 

b) The number of WT and Mrpl54+/- pups born to 28 Mrpl54+/- breeding pairs followed a 
Mendelian ratio for homozygous lethality. 

c) Relative Mrpl54 gene expression in tissues from 7-week-old WT males (blue, n=2) and 
females (orange, n=3) as determined by RT-qPCR. Values were normalized to 60S acidic 
ribosomal protein P0 (36b4 or RPLP0) and beta-2-microglobulin (B2m) expression. 

d) Reduced Mrpl54 gene expression (~50%) in tissues derived from 7-week-old Mrpl54+/- 
males (light blue, n=2) and females (light orange, n=3) compared to WT male (blue, n=4) and 
female (orange, n=3). Values were normalized to 36b4 and B2m expression. Graphs show 
mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001 
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15.3.2 No major metabolic phenotype in adult Mrpl54+/- mice 

To examine the effect of reduced Mrpl54 expression on metabolic health in adult mice, we 

subjected male and female Mrpl54+/- and WT mice to a comprehensive metabolic phenotyping 

protocol (Supplemental Fig. 15.7). In both males and females in the combined longevity and 

metabolic study cohorts (the latter study animals included up until entering metabolic phenotyping, 

as described in methods), there were no differences in body mass between Mrpl54+/- and WT mice 

(Fig. 15.2a). Both genotypes had similar lean- or fat-mass body composition across genotypes in 

males; although, females in the metabolic health study at 6 months (6M) had slightly lower lean 

and fat mass (Fig. 15.2b). Body composition as a percentage of body mass, however, remained the 

same between 6M female Mrpl54+/- and WT (Supplemental Fig. 15.8). Metabolic indices, 

examined via indirect calorimetry, exhibited no differences in mean O2 volume (VO2) (Fig. 15.2c) 

or mean respiratory exchange ratio (RER) (Fig. 15.2d). Mean VO2 was lower in 6M female 

Mrpl54+/- animals during the less active light phase; however, an ANCOVA analysis41 attributed 

this difference to their reduced body mass (Fig 15.2c inset). Male spontaneous ambulatory activity 

in testing cages was not different, yet there was an increase in activity in 6M Mrpl54+/- females 

when compared to WT (Fig. 15.2e), possibly in line again with the effect of reduced body weight 

and VO2. Like the increase in ambulatory activity of female Mrpl54+/- mice, 6M females exhibited 

improved running capacity in a forced exercise treadmill test (Fig. 15.2f). Whole body glucose 

handling was not different between genotypes during an oral glucose tolerance test (OGTT; Fig. 

15.2g) or an intraperitoneal insulin tolerance test (ipITT; Fig. 15.2h) in 6M male and female mice. 

Since skeletal muscle exhibited the highest relative levels of Mrpl54 gene expression and BAT 

tissue the second highest (Fig. 15.1c), and because of their importance for non-shivering and 

shivering thermogenesis, we evaluated potential differences in metabolic heat production by 
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exposing mice to an acute cold challenge (4°C). Mice from both genotypes maintained their core 

body temperature similarly for four hours for 6M males and females (Fig. 15.2i). At sacrifice, the 

masses of the heart, spleen and kidney were reduced as a percentage of body mass in Mrpl54+/- 

males with no changes in skeletal muscle, brain, or liver (Fig. 15.2j). In females, there were no 

changes in organ masses expressed as a percentage of body mass. Overall, there were no robust 

morphological or metabolic changes in adult Mrpl54+/- mice apart from the increased physical 

activity in female Mrpl54+/- mice. 
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Figure 15.2 Metabolic phenotyping in 6M-old male and female Mrpl54+/- and wild type mice 

a) Body mass (g) comparison between male Mrpl54+/- (n=131) and WT (n=153) and female 
Mrpl54+/- (n=116) and WT (n=141) over lifespan. 

b) Body composition (g) by EchoMRI in 6M adult Mrpl54+/- and WT male and female mice.  

c) Mean VO2 (L/hour) by CLAMS in 6M adult mice. ANCOVA results (insets) indicate the 
difference in mean female VO2 are explained by the difference in female body mass. 

d) Mean RER by CLAMS in 6M adult Mrpl54+/- and WT male and female mice. 

e) Mean ambulatory motion (beam break counts) in 6M adult Mrpl54+/- and WT male and 
female mice. 

f) Mean duration (minutes) on an endurance treadmill for 6M adult male Mrpl54+/- (n=8) and 
WT (n=15) male and Mrpl54+/- and WT female mice. 

g) Mean blood glucose levels (mmol/L) over time in response to an oral glucose challenge 
(OGTT) in 6M Mrpl54+/- and WT male and female mice. 

h) Mean blood glucose levels (mmol/L) over time in response to intraperitoneal insulin 
challenge (ipITT) in 6M adult Mrpl54+/- and WT male and female mice with area under the 
curve (AUC) (insets). 

i) Mean rectal temperature (°C) in response to a 4-hour 4°C cold challenge in 6M male 
Mrpl54+/- (n=7) and WT (n=16) mice and female Mrpl54+/- and WT mice. 

j) Relative organ weights (% body mass) in 6M adult necropsied male Mrpl54+/- (n=7-8) vs. 
WT (n=14-15) and female Mrpl54+/- vs. WT mice. 

Graphs show mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001. Unless otherwise 
indicated, the number analysed are as follows: male WT (blue, n=16); male Mrpl54+/- (light 
blue, n=8); female WT (orange, n=17); and female Mrpl54+/- (light orange, n=7).   
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15.3.3 Aged Mrpl54+/- mice did not show an improved metabolic phenotype 

Given that disruption of mitochondrial translation and/or UPRmt induction has been linked 

to improved health span in several animal models15,30-35, we examined whether reduced Mrpl54 

expression altered whole body metabolism during the aging trajectory. Female and male Mrpl54+/- 

and WT mice were aged 24 months (24M) before performing the same metabolic phenotyping 

tests used for adult 6M mice. While there were no differences in body composition between 

Mrpl54+/- and WT, female mice had increased fat mass and decreased lean mass with age, as a 

proportion of body mass, while the opposite was observed in males – fat mass decreased and lean 

mass increased with age, as a proportion of body mass (Supplemental Fig. 15.9, Fig. 15.3a). Like 

6M animals, we did not observe any differences in indirect calorimetry measurements between 

Mrpl54+/- and WT at 24M (Fig. 15.3b, 15.3c, & 15.3d). At 24M, there were no differences in 

running capacity (Fig. 15.3e), which contrasts our observations in 6M Mrpl54+/- female mice 

where running capacity was higher (Fig. 15.2f) but can be attributed to the difference in body 

weight at 6M. In the 24M mice, the response to OGTT was similar between Mrpl54+/- and WT 

(Fig. 15.3f), as was the response to the ipITT (Fig. 15.3g). There were no differences between 

genotypes when exposed to a cold challenge at 24M (Fig. 15.3h). There were no differences in 

heart rate, diastolic blood pressure, or systolic blood pressure between genotypes for either males 

or females at 24M (Fig. 15.3i). Finally, at 24M there were no differences in organ mass as a 

percentage of body mass (Fig. 15.3j). The 18M cohort displayed the same results as the 24M cohort 

for both males and females (Supplemental Fig. 15.10a-h, 15.10j); except 18M male Mrpl54+/- mice 

demonstrated a mean diastolic blood pressure that was higher than WT (Supplemental Fig. 15.10i). 

Altogether, aging Mrpl54+/- mice did not reveal robust differences from WT in metabolic 

parameters.   
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Figure 15.3 Metabolic phenotyping in 24M Mrpl54+/- and wild type mice 

a) Body composition (g) by EchoMRI in 24M male Mrpl54+/- (n=12) and WT (n=10) and 
female Mrpl54+/- (n=11) and WT (n=13). 

b) Mean VO2 (L/hour) by CLAMS and body mass ANCOVA analysis (insets) in 24M old 
male Mrpl54+/- (n=10) and WT (n=9) and female Mrpl54+/- and WT.  

c) Mean RER by CLAMS in 24M old male Mrpl54+/- (n=10) and WT (n=9) and female 
Mrpl54+/- and WT. 

d) Mean ambulatory motion (beam break counts) in 24M old male Mrpl54+/- (n=9) and WT 
(n=9) and female Mrpl54+/- (n=10) and WT (n=13). 

e) Mean duration (minutes) on an endurance treadmill for 24M old mice male Mrpl54+/- (n=6) 
and WT (n=7) and female Mrpl54+/- (n=7) and WT (n=9). 

f) Mean blood glucose level (mmol/L) over time in response to an oral glucose challenge 
(OGTT) in 24M old male Mrpl54+/- (n=10) and WT (n=8) and female Mrpl54+/- (n=10) and 
WT (n=12). 

g) Mean blood glucose level (mmol/L) and AUC (insets) over time in response to 
intraperitoneal insulin challenge (ipITT) in 24M old male Mrpl54+/- (n=8) and WT (n=8) and 
female Mrpl54+/- (n=10) and WT (n=11). 

h) Mean rectal temperature (°C) in response to a 4-hour 4°C cold challenge in 24M old male 
Mrpl54+/- (n=4) and WT (n=3) and female Mrpl54+/- (n=4) and WT (n=7). 

i) Mean heart rate (beats/min) and blood pressure (mmHg) in 24M old male Mrpl54+/- (n=6) 
and WT (n=5) and female Mrpl54+/- (n=5) and WT (n=8). 

j) Relative organ weights (% body mass) in 24M necropsied male Mrpl54+/- (n=4-5) and WT 
(n=3-4) and female Mrpl54+/- (n=3) and WT (n=6-7). 

Graphs show mean ± SEM; male WT (blue); male Mrpl54+/- (light blue); female WT (orange); 
and female Mrpl54+/- (light orange). 
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15.3.4 Lifespan and life expectancies were not altered in Mrpl54+/- mice 

Since reduced Mrp gene expression extended lifespan in C. elegans and correlated with long 

lifespan in BXD mouse strains, we tested whether reducing Mrpl54 expression affected lifespan 

or life expectancy in mice. We followed Mrpl54+/- male and female mice until they reached a 

humane endpoint or a natural death and assessed mean and 24-month life expectancy and 

maximum lifespan. We included 24-month life expectancy because strain-specific conditions and 

diseases affect C57BL/6 mice after the age of 24-months, which can confound results of aging 

studies42. We observed no significant differences in median life expectancy, 24-month life 

expectancy, or maximum lifespan between Mrpl54+/- and WT, for either males or females (Fig. 

15.4a).  

During the lifespan study, some males were separated due to injuries or deaths from 

aggression and fighting, which resulted in a population of male mice that were housed individually 

(i.e., a single animal per cage from age 3-4 months onward). When individually and group-housed 

animals were analysed separately, it was evident that individually housed males had better median 

life expectancy than grouped-housed males for both genotypes (777 days vs. 714 days; Fig. 15.4b), 

which may be due to conspecific aggression increasing stress levels and shortening lifespan in 

group-housed males43. While not statistically significant, survival data for individually housed 

Mrpl54+/- males suggested a better 24-month life expectancy compared to WT (24-month HR 1.85, 

95% CI 0.86, 4.01, p = 0.12) (Supplemental Fig. 15.11a). Group-housed males (n=2-9 males per 

cage) showed no differences in median or 24-month life expectancy between genotypes 

(Supplemental Fig. 15.11b). 
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Figure 15.4 Life expectancy and lifespan in male and female Mrpl54+/- mice 

a) Kaplan Meier survival curves showed no difference in overall lifespan (top 10% of 
surviving animals) between either male Mrpl54+/- (n=81) and WT (n=112) or female Mrpl54+/- 
(n=80) and WT (n=99) mice. No differences were observed in median life expectancy between 
Mrpl54+/-and WT for either males or females. 

b) Kaplan Meier survival curves showed no difference in overall lifespan between either 
individual-housed male Mrpl54+/- (n=39) and WT (n=40) or group-housed male Mrpl54+/- 
(n=42) and WT (n=72). Individual-housed Mrpl54+/- male mice had better median life 
expectancy compared to individual-housed WT, with no difference in median life expectancy 
between group-housed male Mrpl54+/- and WT. 
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15.3.5 Mrpl54+/- did not activate the UPRmt in liver mitochondria or primary myoblasts 

Since MRP proteins play a crucial role in the translation of mtDNA-encoded mRNAs into 

protein subunits for oxidative phosphorylation (OXPHOS), we determined whether mitochondrial 

oxygen consumption was affected in the liver, a major metabolic organ. Using a Clark-type oxygen 

electrode, purified mitochondria from the liver of 7-week-old WT and Mrpl54+/- males 

demonstrated similar rates of oxygen consumption (Fig. 15.5a). We then examined if reductions 

in Mrpl54 induced a mitonuclear protein imbalance and induced the UPRmt. Using purified 

mitochondria from the liver of 7-week-old WT and Mrpl54+/- males, we found no significant 

difference in HSP60 (HSPD1) protein levels, a classical marker for UPRmt activation44,45 (Fig. 

15.5b, uncropped gel images in Supplemental Fig. 15.12a). This result was confirmed by mass 

spectrometry-based proteomics on purified liver mitochondria from 7-week-old males showing no 

differences in the levels of nDNA- or mtDNA-encoded proteins between WT and Mrpl54+/- 

animals (Fig. 15.5c). Combined, these results suggest that the mitochondrial translational capacity 

was not affected in the liver tissue of Mrpl54+/- animals.  
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Figure 15.5 Biochemical profiling of Mrpl54+/- and wild type mouse liver. 

a) Oxygraph respiration analysis of isolated liver mitochondria showed no difference in state 2, 
state 3, or maximal respiration between Mrpl54+/- (n=6) and WT (n=3).  

b) Semiquantitative western blot analysis of HSP60 expression in isolated liver mitochondria 
showed no difference between Mrpl54+/- (n=2) and WT (n=3). 

c) Mass spectrometry analysis of protein from isolated liver mitochondria showed no 
difference between levels (label-free quantification, LFQ) of nDNA- and mtDNA-encoded 
protein subunits of ETC complex IV between Mrpl54+/- (n=3) and WT (n=3). 

Graphs show mean ± SEM; male WT (blue); male Mrpl54+/- (light blue). 
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Since the relative Mrpl54 expression is highest in skeletal muscle tissue (Fig. 15.1c), we 

examined the effect of reduced Mrpl54 expression on the levels of OXPHOS protein subunits and 

the UPRmt marker HSP60 in primary myoblasts. Primary myoblast cultures were established from 

7-week-old male Mrpl54+/- and WT hindlimb skeletal muscle. In cell lysates from these myoblasts, 

levels of mitochondrial OXPHOS subunits (including both nDNA- and mtDNA-encoded proteins) 

were lower in Mrpl54+/- mice compared to WT (Fig 15.6a, uncropped gel images in Supplemental 

Fig. 15.12b-c). The level of succinate dehydrogenase complex iron sulphur subunit B (SDHB), a 

nDNA-encoded protein subunit of Complex II of the ETC, and the level of MTCO1, a mtDNA-

encoded protein subunit of Complex IV of the ETC, were both lower in Mrpl54+/- primary 

myoblasts (Fig 15.6a, uncropped gel images in Supplemental Fig 15.12b-c). Notably, considering 

that both MTCO1 and SDHB were similarly decreased, the ratio of mtDNA- to nDNA-encoded 

proteins was not different in Mrpl54+/- myoblasts. In line with this, HSP60 levels in Mrpl54+/- 

myoblasts were not increased, suggesting that UPRmt was not invoked in Mrpl54+/- myoblasts (Fig 

15.6b, uncropped gel images in Supplemental Fig. 15.12b). These results suggest that reduced 

Mrpl54+/- expression in primary myoblasts lowered levels of various ETC complexes but this 

reduction was insufficient to activate the UPRmt. 
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Figure 15.6 Biochemical profiling of Mrpl54+/- and wild type mouse muscle. 

a) Semiquantitative representative western blot of ETC nDNA-encoded subunits (ATP5A, 
QCRC2, and SDHB) and mtDNA-encoded MTCO1 subunit in cell lysate from primary 
myoblasts showed a decrease in ETC subunit expression in Mrpl54+/- (n=3) compared to WT 
(n=3). 

b) Semiquantitative western blot analysis of HSP60 expression in cell lysate from primary 
myoblasts showed no difference in HSP60 levels in Mrpl54+/- (n=3) compared to WT (n=3). 

Graphs show mean ± SEM; male WT (blue); male Mrpl54+/- (light blue); *P ≤ 0.05, **P ≤ 
0.01, and ***P ≤ 0.001. 
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15.4 Discussion 

Reduced expression of MRP proteins in C. elegans results in an increase in both health span 

and lifespan through the induction of the UPRmt that results from a mitonuclear protein 

imbalance15. Similarly, long lifespan is correlated with low expression of Mrps5 and other MRP 

genes in a genetic reference population of mice and elevated UPRmt markers are observed in cell 

cultures of the long-lived Snell dwarf mouse strain15,29. The UPRmt is also induced in mice treated 

with doxycycline46, an antibiotic that inhibits mitochondrial translation47, which potentially 

reduces energy expenditure46. To determine whether reduced expression of Mrpl54 in 

heterozygote mice alters metabolism or lifespan, we compared metabolic health at 6-, 18-, and 24-

months as well as assessed lifespan and life expectancy in Mrpl54+/- and WT animals.  

While Mrpl54 mRNA expression was reduced in multiple metabolic organs from Mrpl54+/- 

animals, we found no compelling metabolic changes in 6-month-old adult mice. However, in line 

with previous reports showing an increase in rearing activity during test cage monitoring in mice 

treated with doxycycline46, female Mrpl54+/- mice exhibited an increase in ambulatory activity 

along with elevated treadmill endurance when compared to WT. Like doxycycline-treated 

mice15,46, we observed a lower VO2 in adult female Mrpl54+/- mice, but this is likely explained by 

their reduced body weight41, and not consistent with observations in male mice, or female mice at 

later time points.  

We compared the life expectancy and lifespan in large cohorts of Mrpl54+/- and WT male 

and female mice. As a result of injury or death associated with male aggression, the male cohort 

was divided into individual-housed and group-housed cages. Male mice tended to experience stress 

associated with conspecific aggression under group housing conditions. Individually housed male 

Mrpl54+/- mice had better median life expectancy than male WT mice, while group-housed males 
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had no difference in median life expectancy between Mrpl54+/- and WT. Male C57BL/6 mice can 

be successfully housed together in low numbers43; however,  it may be that the high level of 

conspecific aggression experienced in male group housing overcame any survival advantage 

afforded by the Mrpl54+/- genotype. 

Finally, we observed neither a mitonuclear imbalance nor an induction of the UPRmt in 

Mrpl54+/- mouse liver, a major metabolic organ. Within primary myoblasts, however, there was 

evidence of decreased OXPHOS protein expression, but no evidence of UPRmt induction. It 

remains to be seen whether there is an induction of the UPRmt in other Mrpl54+/- mouse tissues and 

organs, or in a temporal fashion – neither of which was captured in this study. Previous work 

demonstrated that reductions in MRP expression (through RNAi of Mrp genes, or inhibition of 

mitochondrial translation through doxycycline treatment) can increase health span and lifespan in 

C. elegans through a mitohormetic response15. Our work demonstrates that a reduction in Mrpl54 

expression in the germline may have implications in energy expenditure and activity levels in adult 

female mice, along with a potential increase in median and 24-month life expectancy of individual-

housed male mice that are removed from the conspecific stress associated with group housing 

conditions. However, our findings also demonstrate that a reduction of Mrpl54 is not sufficient to 

drive the induction of UPRmt in mouse liver tissue or primary myoblasts, nor is it able to alter 

metabolism of older mice or affect lifespan. 

It may be that reducing Mrpl54 expression through the mammalian germline allows the 

mouse to adjust to lower MRPL54 protein levels through adaptations during developmental 

processes from embryogenesis onward – for example, genetic compensation where mutant mRNA 

degradation leads to transcriptional adaptation48. In other words, the levels of MRP expression are 

adjusted early in development to optimize mitochondrial output and maintain mitochondrial 
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protein homeostasis. Alternatively, our results may indicate that the level of mitochondrial 

translation stress instigated by the Mrpl54+/- genotype is not high enough to generate a mitonuclear 

imbalance, mito-cytosolic translational imbalance, or induce mitochondrial stress responses like 

the UPRmt or ATF4-dependent signalling15,21,22. This explanation implies that any mitohormetic 

effect that affects metabolic health or lifespan requires a mitochondrial translational stress level 

above a specific threshold, and that this threshold was not met by the Mrpl54+/- model.  

In conclusion, our results demonstrate that the reduction of Mrpl54 expression through the 

mouse germline does not induce a mitonuclear protein imbalance or a subsequent UPRmt response. 

Furthermore, reduction in Mrpl54 expression does not result in an improved life expectancy or 

overall lifespan. We recommend that future work pursue the hypothesis of a minimum threshold 

of mitochondrial translational stress necessary to invoke a mitohormetic impact on metabolic 

health with age or lifespan. As well, since reduced Mrpl54 expression in male mice may mitigate 

the lifespan effects of stressful housing conditions, we recommend that the Mrpl54+/- model be 

tested under various stress conditions, such as genotoxic or metabolic stress through a high fat diet. 

15.5 Methods 

15.5.1 Approval for animal experiments 

All procedures for animal care and experimentation were performed according to protocol 

HS-2847, which was approved by the University of Ottawa Animal Care Committee, and 

following guidelines provided by the Canadian Council on Animal Care (CCAC). In addition, 

these procedures followed the guidelines provided by ARRIVE (Animals in Research: Reporting 

In Vivo Experiments). 
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15.5.2 Animal breeding  

The Institute Clinique de la Souris (ICS) generated a Mrpl54 constitutive knock-down mouse 

model on a C57BL/6N(Taconic) background (C57BL/6NTac-Mrpl54tm1b(EUCOMM)Wtsi/IcsOrl; colony 

name ICS-EPD1076_5_A09)49,50. Mrpl54+/- breeding pairs were kept in ventilated racks and their 

progeny were housed in groups of 2-5 mice until their transfer to the metabolic health and longevity 

studies. Litter sizes were small (mean 4-5 pups) and production dropped off after the fourth litter. 

To generate the cohorts needed, CD1 host mothers were used for three rounds of in vitro 

fertilization, in addition to traditional breeding. At age 21-days, animals were weaned, ear-tagged, 

and tissue sampled from the ear for genotyping. 

15.5.3 Genotyping 

DNA for genotyping was extracted from the ear tissue sample according to the Phire Animal 

Direct PCR protocol (F-170, Thermo Scientific). Genotyping proceeded according to the ICS 

protocol (Forward primer Ef 4877 5’-GACCCACATAAGCAGGGAAGGAGATG-3’, reverse 

primer L3r 4879 5’-CAATCTCCTGAGAATGTAGCCCACCAT-3’, Invitrogen). The Mrpl54 

knock-out allele generated a 402 base-pair (bp) fragment, and the WT allele generated a 1095 bp 

fragment. 

15.5.4 Animal husbandry 

WT and Mrpl54+/- animals, separated by sex, were housed under a 12:12-hour light-dark 

cycle in a dedicated room set to 23°C (temperature and humidity were checked every 5 minutes 

using an automatic delta system; verified daily by staff). All mice were fed a standard chow diet 

(Envigo; Teklad Global 2018; 18.6% crude protein, 6.2% fat, 44.2% available carbohydrates). 

Female and male mice were initially housed 5-10 per cage in a ventilated rat cage (at least 90.4cm2 

per mouse) to reduce stress51. Male cages experienced aggression and fighting and the male mice 
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in cages that experienced injuries or deaths due to male-on-male aggression were reassigned to 

individual-housing. Animals in the metabolic health study were handled or weighed at least once 

per week. Animals in the longevity study were weighed once per month until age-related weight 

loss was observed, after which mice were weighed weekly or daily as needed. 

15.5.5 RNA isolation and Real-time qPCR 

For total RNA isolation, a small piece of snap frozen mouse tissue was placed in 1ml TRIzol 

(Sigma-Aldrich or Invitrogen). Samples were homogenized with a 5 mm steel bead using a 

TissueLyser II (Qiagen) for 3 min at a frequency of 30 Hz. RNA was isolated according to 

manufacturer’s protocol. From 1 μg of extracted RNA, genomic DNA was eliminated with a 

gDNA Wipeout Buffer and subsequently reverse transcribed into cDNA using the QuantiTect 

Reverse Transcription Kit (Qiagen). The diluted cDNA was prepared with SYBR Green (Roche), 

and the quantitative gene expression was measured using the LightCycler 480 Instrument (Roche). 

The primer pairs used were as follows: Mrpl54 forward 5’-AAAAAGCCAGTTGGCAAGGG-3’, 

reverse 5’-ATGTGTGGTGAGCTGAGTGG-3’; 36B4 (acidic ribosomal phosphoprotein gene) 

forward 5′-ACGGGTACAAACGAGTCCTG-3′, reverse 5′-GCCTTGACCTTTTCAGCAAG-3′; 

and B2m (beta2 microglobulin) forward 5′-GGCTCACACTGAATTCACCC-3, 5′-

GTCTCGATCCCAGTAGACGG-3′. To normalize tissue sample expression (threshold cycle [Ct] 

values) to the expression of housekeeping genes, the delta-delta Ct method was used. The 

geometric means of 36B4 and B2m genes were used to normalize Mrpl54 tissue sample expression 

(delta Ct values) to the WT samples. 

15.5.6 Metabolic Health Analyses 

The metabolic health of male and female WT and Mrpl54+/- mice (n=7-17 in each group) 

were tested in three separate cohorts at 6-, 18-, and 24-months of age. The battery of tests started 
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with EchoMRI body composition (EchoMRI-700 Analyzer), followed by indirect calorimetry 

using the comprehensive laboratory animal monitoring system (CLAMS, Columbus Instruments), 

oral glucose tolerance, intraperitoneal insulin tolerance, endurance treadmill, cold tolerance, heart 

rate and blood pressure measurement (at 18- and 24-months), and then necropsy (Supplemental 

Fig. S1). Mice were allowed to recover 1-2 weeks between tests. 

15.5.7 EchoMRI and Indirect Calorimetry 

Each mouse was loaded into an A100 antenna insert and placed into the EchoMRI 

(EchoMRI-700 Analyzer) to determine body composition (whole-body, lean, and fat mass). 

Immediately afterward, mice were placed in individual CLAMS (Columbus Instruments Oxymax 

System) plexiglass cages for 48-72 hours (24-hours acclimation, followed by 24-48 hours of data 

collection). The ambient temperature was set to thermoneutrality (28°C) to gain an understanding 

of basal metabolism that mimicked human energy expenditure and to reduce thermogenic stress 

on mice housed individually without bedding or enrichment52. The light-dark cycle was 12:12. 

Mice had ad libitum access to water and powdered chow (Teklad 2018 Diet). At regular intervals 

(every 18-26 min), the following measurements were recorded: O2 volume (VO2), CO2 volume 

(VCO2), respiratory exchange ratio (RER), ambulatory and rearing motion, and the amount of food 

consumed in grams. 

15.5.8 Oral Glucose Tolerance Test (OGTT) 

Mice were fasted overnight for 16-hours prior to the OGTT. Whole-blood glucose levels 

were measured using the Accu-check Performa glucometer and accompanying strips (Roche 

Diagnostics, Canada). For the 6M cohort, mice were placed in a restraint tube during the blood 

sampling from the left lateral tail vein. For the 18M and 24M cohorts, mice remained unrestrained 

on the home-cage hopper during blood sampling. At time zero, freshly made 20% α-D-glucose 
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(Sigma-Aldrich PN158968) was orally administered using a flexible straight metal gavage at a 

dose of 1.0g per kg of body mass. Blood glucose was measured at baseline (prior to oral glucose 

dose), and at 15-, 30-, 45-, 60-, 90-, 120-, 150-, and 180-min post-gavage.  

15.5.9 Intraperitoneal Insulin Tolerance Test (ipITT) 

Two weeks prior to the ipITT, intraperitoneal insulin titrations were conducted on a subset 

of mice to determine the correct dose to elicit an insulin response. Mice were fasted in the morning 

for 5-6 hours prior to the ipITT. Whole-blood glucose levels were measured using the Accu-check 

Performa glucometer and accompanying strips (Roche Diagnostics, Canada). During blood 

sampling from the right lateral tail vein, mice remained unrestrained on their home-cage hopper. 

At time zero, mice received an intraperitoneal injection of insulin (NovoRapid Insulin aspart, 

100U/mL, DIN 02245397). For the 6M cohort, females received an insulin dose of 1.5 U/kg body 

mass and males received 2.5 U/kg. For the 18M cohort, females received an insulin dose of 2 U/kg 

and males received 4.5 U/kg. For the 24M cohort, females received an insulin dose of 1 U/kg and 

males received 2 U/kg. Blood glucose was measured at baseline (prior to insulin injection), and at 

15-, 30-, 45-, 60-, 75-, 90-, 105-, and 120-min post-injection. In the event the blood glucose level 

dropped below 2.0 mmol/L, emergency α-D-glucose (Sigma-Aldrich PN 158968) was orally 

administered at a dose of 1 g per kg of body mass. 

15.5.10 Endurance Treadmill 

Mice were acclimated to the treadmill (Exer-3/6, Columbus Instruments) over three 

consecutive days where they were placed on an unmoving belt for 5 min, then ran at a constant 

speed of 15 cm/s at an elevation of +5° with an electro-stimulus (0.1 mA, 1 Hz) applied to the 

resting grid. Those mice that achieved fewer than five electro-stimulations over 5 min by the third 

acclimation day were permitted to continue with the endurance test. The endurance test was 



   
 

57 
 

conducted the day following the last day of acclimation using the following profile – accelerate to 

15 cm/s in 30 sec and then run at 15 cm/s for 12 min, accelerating +3.0 cm/s over 30 sec every 12 

min53. Mice ran until the exhaustion criterion was met (5 electro-stimulus contacts [0.1 mA, 1 Hz] 

within 5 sec) at which point the electro-stimulus was stopped, and the running time and maximum 

speed attained were recorded. 

15.5.11 Cold Tolerance 

The baseline rectal temperature of each mouse was measured using a lubricated rectal 

thermometer at an insertion depth ~2 cm. Mice were placed in individual cages with access to fresh 

water and a plastic house, but without access to bedding or food, and then placed in a +4° C 

refrigerated room with all cages at the same height. Rectal temperature was measured every hour 

for up to 4-6 hours. If rectal temperature reached 25° C or below54, the mouse was removed from 

the cold room and placed in a 37° C incubator with access to food and water.  

15.5.12 Heart Rate & Blood Pressure  

Mice in the 18M and 24M cohorts were acclimated to the blood pressure and heart rate 

monitoring equipment (BP-2000-M-6 Series II Blood Pressure Analysis System, Visitech 

Systems) over a period of 3-5 days55. The procedure for acclimation and testing was the same – 

mice were individually placed in an opaque mouse holder on a warmed 36° C plate with the tail 

pulled through an inflatable tail cuff. Mice rested in position for 5 min, followed by five 

preliminary readings and then 10 actual readings. The program parameters were as follows: 2.5-

sec pause between readings, 10-sec analysis pulse, system maximum set to 170 mmHg. Test day 

immediately followed the last day of successful acclimation, where blood pressure was recorded 

for at least 6 out of 10 readings. The outcomes recorded were diastolic blood pressure, systolic 

blood pressure, and heart rate. 
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15.5.13 EchoMRI & Necropsy 

The day before the necropsy, body composition was determined using the EchoMRI-700 as 

described above. The mice were fasted overnight for 10-12 hours and then refed 1-2 hours before 

the necropsy. Mice were euthanized through injection with ketamine/xylazine cocktail (0.1 

mg/kg body weight) followed by exsanguination through cardiac puncture. The following tissues 

and organs were collected, weighed, fast-frozen in liquid N2 and then stored at -80° C for further 

analysis: pancreas, spleen, diaphragm, heart, liver, kidneys, quadriceps, gastrocnemius, soleus, 

tibialis anterior, and brain56. For the 24-month cohort necropsy, the right kidney, quadriceps, and 

gastrocnemius/soleus were suspended in Optimal Cutting Temperature fixative (Fisher Health 

Care, Cat# 4585) and placed on dry ice (kidney) or in isopentane (Sigma, CAT# 1003301470) 

supercooled in liquid N2 (muscles), then stored at -80°C for further analysis. 

15.5.14 Longevity Study and Growth 

Male and female WT and Mrpl54+/- mice (n=80-112 per group) were initially group-housed 

5-10 per cage (at least 100 cm2 per mouse). Male cages experienced aggression and fighting from 

age 3-months onward. In case of a fight-related injury or death, the males were reassigned to 

individual cages to improve animal welfare. Mice were weighed monthly, and median life 

expectancy (50% survival time point), 24-month life expectancy (all mice alive at 24 months were 

censored), and maximum lifespan (lifespan of top 10% of surviving animals) were calculated. 

Where a human-endpoint (HEP) was identified and time-permitting, mice were necropsied to 

identify tumour burden and to collect tissue and plasma for future analysis. HEPs included (a) 

>15% weight loss over 2 weeks, (b) skin lesions not responding to treatment, (c) head tilt/rolling 

or loss of balance, (d) ulcerated or bulging eye, (e) ulcerated mass, (f) respiratory distress, (g) 

inability to express bladder, or (h) a distended abdomen or growing internal mass51. Mice that were 
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euthanized because of ulcerative dermatitis that did not respond to treatment (a C57BL/6 strain-

specific condition57), or because of an unacceptable pain level from an ulcerated or bulging eye, 

were censored from the longevity analysis. 

To assess growth over time, the body mass of WT and Mrpl54+/- male and female animals 

were weighed monthly. Animals destined for the 6-, 18-, and 24-month metabolic health analyses 

were included in the growth analysis, up until the month they entered the metabolic health study. 

15.5.15 Respiration of Isolated Liver Mitochondria 

7-week-old male WT and Mrpl54+/- mice were fasted overnight for 12 hours, killed by 

cervical dislocation, and their livers weighed then rapidly dissected directly into ice-cold isolation 

buffer (300 mM D-sucrose, 10 mM Tris-HCl, 1 mM EGTA-Tris Base; pH 7.2)58. The suspension 

was homogenized in a 15 mL Potter-Elvehjem homogenizer, and the supernatant centrifuged twice 

at 1000g for 10 min at 4° C (Sorvall RC-6 Plus Centrifuge, Thermo Scientific). The supernatant 

was centrifuged 8000g for 10 min at 4° C and then aspirated without disturbing the pellet. The 

pellet was gently resuspended in ice-cold suspension buffer (300 mM D-sucrose, 10 mM Tris-HCl, 

0.05 mM EGTA-Tris Base; pH 7.2) and centrifuged at 8000g for 10 min at 4° C. The final pellet 

was gently re-suspended in 300 µL suspension buffer and kept on ice.  

The respiratory function of isolated liver mitochondria was measured using a Clark-type 

electrode (Oxygraph System, Hansatech Instruments Ltd.). The chambers were calibrated at 23° 

C with continuous stirring with a PTFE-coated magnetic follower bar. The mitochondrial 

suspension was quantified (Bio-Rad DC Protein Assay, BMG Labtech POLARstar Omega plate 

reader) and then suspended in miR05 respiration buffer (110 mM D-sucrose, 60 mM lactobionic 

acid, 20 mM taurine, 20 mM HEPES, 10 mM KH2PO4, 3 mM MgCl2, 0.5 mM EGTA, 1 g/L 

fatty-acid free BSA; pH 7.1 at 23° C)59 at 0.5 mg protein/mL. The function of isolated liver 
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mitochondria was examined at less than 37°C to prolong mitochondrial activity and maximize the 

duration of the experiment, such that O2 did not become rate-limiting60. Following a baseline 

recording, O2 consumption rate was measured following sequential additions of: 1) glutamate + 

malate (G/M, 5:2.5 mM) to give Complex I (CI)-driven State 2 respiration, 2) ADP (2 mM) to give 

CI-driven State 3 respiration, 3) Amytal (2 mM) to inhibit CI, 4) succinate (10 mM) to give 

Complex II (CII)-driven State 3 respiration, 5) carbonyl cyanide m-

chlorophenylhydrazone (CCCP) titrations to decouple OXPHOS until maximum respiration was 

reached (0.01-0.05 µM); 6) antimycin-A (8 µM) to inhibit Complex III (CIII); 7) N,N,N',N'-

Tetramethyl-p-phenylenediamine dihydrochloride (TMPD) + ascorbate (5:0.3 mM) to test 

Complex IV (CIV) respiration; and finally 8) KCN (0.6 mM) to inhibit CIV. 

15.5.16 Mass Spectrometry (MS)-based Proteomics 

Crude mitochondria were isolated from the livers of WT (n=3) and Mrpl54+/- (n=3) male 

mice, as described above, and then purified using 30% Percoll gradient ultracentrifugation at 

95,000g for 30 min at +4° C (Beckman sv41 rotor). Purified mitochondria were treated 1:200 with 

a protease inhibitor cocktail (Thermo Fisher Scientific HALT PI) then the mitochondrial proteins 

were left to precipitate overnight in precipitation buffer (50% acetone, 49.9% ethanol, 0.1% acetic 

acid). Proteins were suspended in 50 mM ammonium bicarbonate in 8 M urea and then quantified 

(Bio-Rad DC Protein Assay, BMG Labtech POLARstar Omega plate reader). To reduce 

disulphide bonds, 140 µg of mitochondrial protein was incubated with 1:100 of 1 M dithiothreitol 

(Sigma-Aldrich, SKU 43815), followed by 1:50 dark incubation in 1 M iodoacetamide (Sigma-

Aldrich, SKU I1149). The urea concentration was reduced to <2 M and the protein sample was 

digested overnight at 37° C with 1:100 Trypsin Gold (Promega V5280). The following day, the 

digested proteins were passed through a Sep-Pak Vac 1 cc tC18 cartridge (Waters, WAT054960) 
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to rid the sample of salts and contaminants. The sample was dried in a Savant DNA120 SpeedVac 

Concentrator (Thermo Electron Corporation) at room temperature and analysed using a nano-LC-

MS/MS with an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) coupled to an 

ultraperformance LC system (Ultimate 3000 RSLC; Thermo Fisher Scientific). Data analysis was 

performed with Proteome Discoverer (version 1.3), and searches were performed with Mascot and 

Sequest against a mouse database (UniProt). Data were further processed, inspected, and 

visualized with Scaffold 4 (Proteome Software). 

15.5.17 Generation of Primary Myoblasts 

Hind limb skeletal muscles were excised from euthanized 7-week-old male WT (n=3) and 

Mrpl54+/- (n=3) mice. Under aseptic conditions, the muscles were rinsed in phosphate buffered 

solution (PBS, Wisent Inc., Cat# 311-010-CL), the fat excised, and the remaining muscle tissue 

placed in collagenase B-dispase solution, 1.5 mL per 0.5 g tissue (4 mg/mL dispase II [Sigma 

D4693], 10 mg/mL collagenase B [Roche 11088831001] in Hams-F10 [Multicell, Wisent Inc. 

Cat# 318 050-CL]). The tissue was mulched with a razor blade, incubated at 37° C for 30 min, and 

then homogenized through trituration until smooth. The homogenate was passed through a 100-

micron cell strainer with PBS washes. The muscle cells were centrifuged at 300g for 5 min and 

the cell pellet resuspended in Ham’s Complete growth medium (4% bovine calf serum [cytiva, 

Cat# SH30077.03], 1% penicillin and streptomycin [gibco by Life Technologies, Cat# 15140122], 

2.5 ng/µL human basic fibroblast growth factor [bFGF, Stemcell, Cat# 78003]). To rid the culture 

of fibroblasts, the cells were allowed to rest on a non-collagen-coated plate for two hours at 37° C 

before plating onto a 10 cm collagen-coated plate. To enrich myoblasts, 80% confluent plates were 

pre-plated on non-collagen-coated plates for one hour before plating on a collagen-coated plate. 
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15.5.18 Western Blotting 

Protein was extracted by suspending isolated WT and Mrpl54+/- liver mitochondria or 

primary myoblast cells (10 cm plates at 80% confluence) in radioimmunoprecipitation (RIPA) 

lysis buffer (50 mM Tris HCl, 150 mM NaCl, 1% v/v Triton X-100, 0.5% w/v sodium 

deoxycholate, 0.1% w/v SDS; pH 8.0) augmented with protease and phosphatase inhibitors (1:100 

HALT PI cocktail, Thermofisher Sci Cat# 78440; or Roche cOmplete ULTRA [Cat# 

05892970001] plus phosStop [Cat# 4906845001] tablets), then flash frozen in liquid N2. The 

solution was centrifuged 16,000g for 10 min at 4°C and the supernatant containing the 

mitochondrial or cell lysate proteins quantified (Bio-Rad DC Protein Assay, BMG Labtech 

POLARstar Omega plate reader).  

Protein samples were diluted to 1 µg/µL in Laemmli Buffer (Bio-Rad Cat# 1610737) 

augmented with 10% 𝛽𝛽-mercaptoethanol (Fisher Bioreagents, BP176-100) and run on a 10% SDS-

PAGE using the TGX Stain-free FastCast Acrylamide Kit (Bio-Rad Cat# 1610183) and the Mini-

PROTEAN system (Bio-Rad Cat# 1658006). SDS-PAGE was run at a constant 90 volts across the 

gel for 30 min and then 120 volts for 50-60 min in a 4° C cold room. The StainFree gels were 

activated once for 45 sec using a ChemiDoc Touch Imaging System (Bio-Rad) and then the 

proteins transferred to TransBlot Turbo Mini size 0.2 µm nitrocellulose membrane (Bio-Rad) 

using the Trans-Blot TurboTransfer System (Bio-Rad Cat# 1704150EDU).  

The nitrocellulose membrane was imaged for total protein and then blocked for one hour in 

blocking buffer (5% w/v bovine serum albumin [Sigma, SKU A7906] in TBS-T buffer [50 mM 

Tris-HCl, pH 7.6; 150 mM NaCl; 0.1% Tween]), rocking gently at room temperature. Membranes 

were then incubated with primary antibody diluted in TBS-T buffer (1:1000 Total OXPHOS 

Rodent WB Antibody Cocktail [abcam Cat# ab110413] or 1:1000 HSP60 XP Rabbit mAB [Cell 
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Signaling Technology CAT#12165]) overnight at 4°C with gentle rocking. After three washes with 

TBS-T, the membrane was incubated for one hour with the matching IgG, horseradish peroxidase 

(HRP)-conjugated secondary antibody (1:10,000 Cell Signaling Technology Anti-rodent Cat# 

7076, or Anti-rabbit Cat# 7074P2), rocking at room temperature. After three washes in TBS-T, the 

membrane was visualized using enhanced chemiluminescent detection (BioRad Clarity Cat# 

1705061) on the ChemiDoc Touch Imaging System (Bio-Rad).  

 To semi-quantify the protein levels in the western blot analyses, dilutions of protein 

were first loaded onto an SDS-PAGE to determine the linear range of protein concentrations. 

Protein concentrations within the linear range were chosen for subsequent semi-quantitative SDS-

PAGE, where the selected protein band was normalized to total loaded protein and analysed using 

Image Lab Software (Bio-Rad). 

15.5.19 Statistical Analysis 

All data are presented as mean ± SEM, unless otherwise stated. Differences between two 

groups were assessed using two-tailed t-tests. Analysis of covariance (ANCOVA) was used to 

eliminate unwanted variance on the dependent variable. To compare the interaction between time 

and treatment, a two-way analysis of variance (ANOVA) tests was performed. Survival curves 

were analysed using the Kaplan-Meier method. Hazard ratios were calculated using the Log rank 

test. GraphPad Prism 9.4.1 (GraphPad Software, Inc.) was used for all statistical analyses, and 

p<0.05 was considered significant. 
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15.11 Supplemental Figures 

 

Figure 15.7 Supplemental: Protocol and timeline for metabolic phenotyping of Mrpl54+/- and 
WT mouse cohorts  

Metabolic phenotyping in 6-, 18-, and 24-month male and female cohorts began with an 
assessment of body composition (EchoMRI) followed by 24-48-hour measurement of VO2, 
RER, and ambulatory motion (CLAMS). Each cohort was then assessed using the following 
tests with 1-2 weeks between each test, in order: blood glucose tolerance (OGTT), 
intraperitoneal insulin tolerance (ipITT), cold challenge (4°C), heart rate and blood pressure 
monitoring (18M and 24M only), and endurance treadmill, ending with a necropsy and tissue, 
organ, and plasma collection. Images were created with BioRender.com. 
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Figure 15.8 Supplemental: 6M Mrpl54+/- and WT female body composition as a function of 
body mass  

No difference in body composition as function of body mass between 6M female Mrpl54+/- 

and WT mice. Graphs show mean ± SEM; female WT (orange); and female Mrpl54+/- (light 
orange). 
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Figure 15.9 Supplemental: Mrpl54+/- and WT body composition at age 6M, 18M, & 24M  

Body composition (g) by EchoMRI with increasing age for both male and female Mrpl54+/- 
and WT mice. Graphs show mean ± SEM; male WT (blue); male Mrpl54+/- (light blue); female 
WT (orange); and female Mrpl54+/- (light orange). **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 
0.0001 
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Figure 15.10 Supplemental: Body composition and metabolic testing results in 18M aged male 
and female mice: Mrpl54+/- versus WT 

a) Body composition (g) by EchoMRI in 18M aged mice showed no difference in total body, 
fat, or lean mass between either male Mrpl54+/- (n=11) and WT (n=13) or female Mrpl54+/- 
(n=12) and WT (n=12). 

b) Mean VO2 (L/hour) by CLAMS and body mass ANCOVA analysis (insets) in 18M aged 
mice showed no differences for 24-hour, light, or dark periods between either male Mrpl54+/- 
(n=11) and WT (n=12) or female Mrpl54+/- (n=12) and WT (n=12). 

c) Mean RER by CLAMS in 18M aged mice showed no difference between either male 
Mrpl54+/- 

(n=11) and WT (n=12) or female Mrpl54+/- (n=12) and WT (n=12). 

d) Mean ambulatory motion (beam break counts) in 18M aged mice showed no difference 
between either male Mrpl54+/- (n=11) and WT (n=12) or female Mrpl54+/- (n=12) and WT 
(n=12). 

e) Mean duration (minutes) on an endurance treadmill for 18M aged mice showed no 
difference in endurance time between either male Mrpl54+/- (n=9) and WT (n=11) or female 
Mrpl54+/- (n=10) and WT (n=9). 

f) Mean blood glucose level (mmol/L) over time in response to an oral glucose challenge 
(OGTT) in 18M aged mice showed no difference between either male Mrpl54+/- (n=11) and 
WT (n=12) or female Mrpl54+/- (n=11) and WT (n=12). 

g) Mean blood glucose level (mmol/L) and AUC (insets) over time in response to 
intraperitoneal insulin challenge (ipITT) in 18M aged mice showed no differences between 
either male Mrpl54+/- (n=12) and WT (n=13) or female Mrpl54+/- (n=10) and WT (n=11). 

h) Mean rectal temperature (°C) in response to a 4-hour 4°C cold challenge in 18M aged mice 
showed no difference between either male Mrpl54+/- (n=10) and WT (n=9) or female Mrpl54+/- 
(n=10) and WT (n=9). 

i) Mean heart rate (beats/min) and systolic blood pressure (mmHg) in 18M aged mice showed 
no differences between either male Mrpl54+/- (n=10) and WT (n=11) or female Mrpl54+/- 
(n=10) and WT (n=7). Diastolic blood pressure (mmHg) at 18M was higher in male Mrpl54+/- 
compared to WT, with no differences between female Mrpl54+/- and WT. 

j) Relative organ weights (% body mass) in 18M aged necropsied mice showed no differences 
between either male Mrpl54+/- (n=7) and WT (n=12) or female Mrpl54+/- (n=10) and WT 
(n=7). Graphs show mean ± SEM; *P ≤ 0.05, male WT (blue); male Mrpl54+/- (light blue); 
female WT (orange); and female Mrpl54+/- (light orange). 
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Figure 15.11 Supplemental: 24-month life expectancy in Mrpl54+/- versus WT males by housing 
conditions 

a) Kaplan Meier survival curves show a suggested increase in 24-month life expectancy in 
individual-housed Mrpl54+/- (n=39) males compared to WT (n=40).  

b) Kaplan Meier survival curves show no difference in 24-month life expectancy (where all 
mice alive after 24-month are censored) in group-housed males between Mrpl54+/- (n=42) and 
WT (n=72). 
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Figure 15.12 Supplemental: Original uncropped western blot images 

a) Original uncropped images of western blot (Fig. 5b) of isolated liver mitochondria 
immunofluorescence with HSP60 antibody (left), protein standard ladder (centre), and stain 
free gel (right). 

b) Original uncropped images of western blot (Fig. 6a and 6b) of myoblast protein lysate 
immunofluorescence with OXPHOS antibody cocktail (top left and right), HSP60 antibody 
(bottom left), and stain free blot (bottom right). 

c) Original uncropped images of western blot (Fig. 6a- taken from the 4μg loading lanes) of 
increasing concentration of myoblast protein lysate immunofluorescence with OXPHOS 
antibody cocktail (left) and stain-free gel (right). 
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16.1 Abstract 

With age, mice lose skeletal muscle mass and show a decline in the number of 

intermyofibrillar mitochondria, which become hypertrophic and misaligned within irregular 

shaped sarcomeres. Age-related reduction in the levels of mitochondrial ribosomal proteins 

(MRPs) is also observed in skeletal muscle mitochondria. In this study, we analyzed grip strength 

data from publicly available heterozygous Mrp (Mrp+/-) mouse models, and we examined the 

effects of a germline heterozygous Mrpl54 mutation on aging mouse muscle, which previously 

showed reduced levels of respiratory complex protein subunits in cultured primary myoblasts. Grip 

strength, treadmill endurance, ex vivo maximum generated tetanic muscle force, muscle fatigue 

resistance, muscle force recovery, and the level of sarcomere disruption were examined. Using the 

International Mouse Phenotyping Consortium database, we identified multiple Mrp mutation 

(Mrp+/-) mouse models with a reduced grip strength phenotype. Male Mrp54+/- mice had reduced 

grip strength by age 12-months and ex vivo extensor digitorum longus (EDL) and soleus muscles 

tended towards a lower maximum tetanic force when compared to wildtype (WT). Both Mrp54+/- 

EDL and soleus muscles had a rightward shift in the force-frequency curve, suggesting a shift 

towards a slower twitch fiber type when compared to WT. A fiber-type switch would be consistent 

with an increased treadmill endurance and ex vivo EDL muscles exhibiting better recovery 

compared to WT. Transmission electron micrographs of 15-month-old Mrp54+/- EDL tissue show 

irregular shaped sarcomeres, along with misaligned and hypertrophic intermyofibrillar 

mitochondria compared to WT. In conclusion, we observed evidence of early skeletal muscle aging 

characterized by lower tetanic force generation, irregular sarcomere phenotype, and a shift in force 

frequency curves associated with a fast to slow muscle fiber type switch among male Mrp54+/- 

mice from age 12-months onward.  
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16.2 Introduction 

The function of the mitochondrial ribosome (mitoribosome) is to synthesize proteins 

encoded by mitochondrial DNA. In humans, the mitoribosome encodes 13 vital protein subunits 

of electron transport chain (ETC) respiratory complexes I, III, IV, and V1,2 and consists of 82 

nuclear-DNA-encoded mitochondrial ribosomal proteins (MRPs)3. Mutations in Mrp genes 

manifest as rare early-onset or severe autosomal recessive diseases4-7, where both alleles are 

disrupted for small ribosomal subunit proteins (MRPSs)8-18 or large subunit proteins (MRPLs)6,19-

24. Homozygous, compound heterozygous, or uniparental disomy Mrp mutations affect 

mitochondrial protein translation and reduce oxidative phosphorylation4,6. These mutations result 

in abnormal growth as well as neurological and cardiac phenotypes4,6. 

The effects of heterozygous Mrp mutations, where the protein product from one allele is 

functional and the other dysfunctional, are largely unreported. Those who carry disrupting 

mutations on a single Mrp allele are generally considered unaffected carriers21, where the carrier 

is apparently free from disease and has no acute or early onset phenotype. While the protein level 

produced from a single Mrp allele may be sufficient in a young animal, this may not hold true with 

age. Downregulation of MRPs in skeletal muscle tissue is associated with normal aging in 

humans27 and impaired synthesis of respiratory chain protein subunits is implicated in age-related 

chronic diseases28-30. In humans, aging results in the loss of muscle mass and strength31 and 

defective mitochondrial function and protein quality control are considered aging mechanisms32,33 

and contribute to sarcopenia34. With an age-related decline in MRPs, the partially restricted MRP 

pool in heterozygous Mrp carriers may be insufficient to build or maintain functional 

mitoribosomes. This defect could potentially accelerate age-induced loss of protein quality 

control25, leading to sarcopenia26 and other aging phenotypes. 
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With aging, skeletal muscles experience numerous changes. In humans, there is an age-

related shift in fiber type from fast twitch (i.e., glycolytic, anaerobic) to slow twitch (i.e., oxidative, 

aerobic)38. This age-related fiber type switch has yet to be confirmed in mice36,39. Mouse skeletal 

muscle shows age at around 24-months with a decline in muscle mass and fiber number35, but 

without changes in cross-sectional area of individual muscle fibers36,37. At the cellular level, aged 

mice experience a reduction in skeletal muscle sarcoplasmic reticulum Ca2+-pumping capacity, 

which likely contributes to a reduction in peak force40. Within mouse muscle fibers, there is an 

age-related decrease in the number of intermyofibrillar (IMF) mitochondria as well as onset of 

mitochondrial hypertrophy, possibly to compensate for the decrease in mitochondrial number or 

function (i.e., functional mitochondria fuse with dysfunctional organelles to maintain cellular 

function)41,42. Starting at age 24-months, sarcomeres become misaligned with a disruption in Ca2+-

release-units (CRUs), where the triads (i.e., two terminal sarcoplasmic reticulum cisternae flanking 

a central transverse tubule) on either side of the IMF mitochondria are no longer oriented 

transversally to the main axis of the myofibril40. CRU disruption and misalignment with age may 

interfere with IMF mitochondria communication (CRU-mitochondria uncoupling), which impacts 

skeletal muscle ATP production, where mitochondrial Ca2+ uptake is required to keep up with ATP 

demand40,43. 

We have previously shown that reducing Mrpl54 expression through the knockout of one 

allele in a C57BL/6NTac mouse model (Mrpl54+/-) reduces the expression of ETC protein complex 

subunits in primary myoblasts44. Given that downregulation of MRPs is associated with skeletal 

muscle aging27, we have examined the effect of a single dysfunctional Mrpl54 allele on skeletal 

muscle function with age. When compared to Mrpl54+/+ (WT), we found that Mrpl54+/- male mice 

experienced a premature reduction in grip strength and ex vivo maximum generated tetanic muscle 
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force, as well as earlier age-related evidence of disrupted sarcomeres and CRUs. Unexpectedly, 

we found that Mrpl54+/- male mice experienced better treadmill endurance at age 12-months and 

improved ex vivo muscle fatigue resistance and muscle force recovery. 

16.3 Results 

16.3.1 Mrp+/- models show decreased grip strength compared to controls 

To see if differences in muscle strength is associated with a heterozygous Mrp genotype 

(Mrp+/-), we accessed grip strength data from the International Mouse Phenotype Consortium 

(IMPC)45 for all available (Mrp+/-) mouse models and compared them to their appropriate genetic 

background control population. Both females and males for several Mrp+/- models experienced 

reduced grip strength with Mrpl54+/- having one of the largest and robust effects (Fig. 16.1). 
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Figure 16.1 Forest plots depicting the mean difference in grip strength comparing control 
versus heterozygous Mrp mouse models (age 7-8 weeks).  

Data extracted from the IMPC45.  

CI – confidence interval; HET – heterozygous for Mrp (Mrp+/-); IMPC – International Mouse 
Phenotype Consortium; Mrps – small subunit of the mitochondrial ribosome protein; Mrpl – 
large subunit of the mitochondrial ribosome protein. 
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16.3.2 Aged Mrpl54+/- males have decreased grip strength and increased treadmill 

endurance compared to WT males 

Given the IMPC data demonstrated that many Mrp+/- models have reduced grip strength 

compared to controls and our previous observation that Mrpl54+/- male primary myoblasts had 

lower ETC protein levels compared to WT44, we monitored Mrpl54+/- and WT male and female 

mice from age 8-weeks until 15-months. Consistent with our previous study44, 8-week-old 

Mrpl54+/- males had ~50% decrease in Mrpl54 expression in gastrocnemius muscle compared to 

WT (Fig. 16.2a). There were no differences between Mrpl54+/- and WT in body mass from ages 

8-weeks to 15-months nor was there a difference in body composition for males at age 12-months 

(Fig. 16.2b). Finally, in support of our previous work 44, there were no differences in ETC protein 

subunit levels in aged skeletal muscle (Fig. 16.2c-d). 

To test the association between muscle strength and Mrpl54 heterozygosity observed with 

IMPC data, we evaluated muscular strength using the forelimb grip strength assay in Mrpl54+/- 

and WT male and female mice at ages 8-weeks, 6-months, and 12-months. Mean grip strength did 

not differ between Mrpl54+/- and WT for either males or females at age 8-weeks or 6-months, with 

or without accounting for body mass (Fig. 16.3a-b, Supplemental Fig. 16.6a-d). At 12-months of 

age, mean grip strength continued to be the same between Mrpl54+/- and WT females (Fig. 16.3b, 

Supplemental Fig. 16.6e); however, male Mrpl54+/- mice had reduced grip strength compared to 

WT (Fig. 16.3a), with or without adjustment for body mass (Fig. 16.3c). Peak grip strength and 

the mean of the top-3 grip strength trial measurements revealed comparable results (Supplemental 

Fig. 16.7a-d). 

Since 12-month-old male Mrpl54+/- mice demonstrated a reduction in grip strength 

compared to WT, we tested their exercise capacity and endurance using a treadmill exhaustion 
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test. While grip strength is dependent on muscle size, motor output and maximal force production, 

endurance tests the ability to resist muscular fatigue. At age 12-months, male Mrpl54+/- mice 

displayed improved running endurance compared to WT males (Fig. 16.3d). 

 

Figure 16.2 Reduced Mrpl54 expression does not impact body composition or gastrocnemius 
ETC protein expression.  

a) Relative Mrpl54 expression in 8-week-old male Mrpl54+/- and WT mice.  

b) Body composition of 12-month-old male Mrpl54+/- and WT mice.  

c-d) Western blot and quantification of ETC protein subunits in 16-month-old male 
gastrocnemius whole protein lysate. Values are means ± SE; ** p<0.01.  

ATP5A – ATPase subunit-5A; ETC – electron transport chain; MTCO1 – mitochondria 
cytochrome c oxidase subunit-1; SDHB – succinate dehydrogenase complex iron sulfur 
subunit-B; UQCRC2 – ubiquinol-cytochrome c reductase core protein-2; WT – wildtype. 
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Figure 16.3 Grip strength and treadmill endurance in aging WT vs. Mrpl54+/- mice.  

a) Grip strength in males aged 8W (n=12 WT; n=15 Mrpl54+/-), 6M (n=8 WT; n=7 Mrpl54+/-), 
and 12M (n=12 WT; n=13 Mrpl54+/-) (Time x genotype, p=0.028).  

b) Grip strength in females aged 8W (n=10 WT; n=15 Mrpl54+/-), 6M (n=12 WT; n= 15 
Mrpl54+/-), and 12M (n=12 WT; n=14 Mrpl54+/-).  

c) 12M male mean grip strength adjusted for body mass using ANCOVA (n=12 WT; n=13 
Mrpl54+/-).  

d) Treadmill endurance of 12M male mice (n=12 WT; n=13 Mrpl54+/-).  

Values are means ± SE; ** p<0.01; *** p<0.001.  

6M – 6-months; 8W – 8-weeks; 12M – 12-months; ANCOVA – analysis of covariance; WT - 
wildtype 
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16.3.3 Ex vivo muscle contraction experiments demonstrate reduced force generation 

Given the reduced grip strength and improved endurance treadmill results in 12-month 

Mrpl54+/- males, we carried out ex vivo functional testing of the EDL and soleus muscles from 15-

month-old males to determine the force generation and fatigue profiles of specific muscles (Fig. 

16.4). The EDL and soleus muscles were chosen because they have accessible tendons for securing 

the muscles, are small enough to be supported in a superfusion bath with sufficient oxygenation 

and are representative of fast twitch and slow twitch muscles, respectively51. Compared to WT, 

Mrpl54+/- EDL and soleus muscles trended towards a lower maximum tetanic force (Fig. 16.4a). 

Both Mrpl54+/- EDL and soleus had higher Frequency 50 values (the stimulation frequency at 

which muscles generate 50% of maximum tetanic force) compared to WT (Fig. 16.4b). Repeated 

measured two-way ANOVA analysis further supported a shift of the absolute force-frequency 

curve toward higher frequencies indicating that, at similar submaximal stimulation frequencies, 

Mrpl54+/- EDL and soleus muscles generated less force (Fig. 16.4c-d). No significant differences 

in fatigue or recovery were observed in soleus muscles between Mrpl54+/- and WT male mice (Fig. 

16.4e-f); however, Mrpl54+/- EDL muscles showed better recovery when compared to WT (Fig. 

16.4f). Together, the ex vivo muscle contraction data support a reduction of force generation and 

improved force recovery which may suggest impaired sarcomere function and/or a muscle fiber 

type shift toward slower twitch fibers. 

  



   
 

88 
 

  

a) b) 

c) 

d) 

e) 

f) 

d) 



   
 

89 
 

Figure 16.4 Maximum tetanic force, Frequency 50, force-frequency, fatigue, and recovery of ex 
vivo 15-month-old WT (n=6) and Mrpl54+/- (n=6) EDL and soleus muscles.  

a) Mean normalized tetanic forces (N/cm2), representing the maximum force generated for 
EDL and soleus muscles during a 400 ms train of pulses at 200 Hz.  

b) Frequency 50 is the stimulation frequency at which muscles generate 50% of maximum 
tetanic force.  

c) Absolute force-frequency relationships for EDL and soleus muscles; RM-ANOVA for 
soleus (Hz x genotype: F(16, 160)=2.03, p=0.014) and split plot ANOVA (Hz x genotype 
p=0.049).  

d) Force-frequency relationships of EDL and soleus muscles as a percentage of force measured 
at 200Hz; RM-ANOVA for EDL and soleus (Hz x genotype: F(16, 160)=2.32, p=0.004 and 
F(16, 160)=3.94, p<0.0001, respectively).  

e) Fatigue curves for EDL and soleus muscles as a percentage of peak tetanic force.  

f) Recovery curves for EDL and soleus muscles as a percentage of peak tetanic force; RM-
ANOVA for EDL (genotype F(1,10)=4.63, p=0.014; Hz x genotype F(8,80)=4.63, p=0.0001). 
Values are mean ± SEM; *p<0.05; **p<0.01. 

ANOVA – analysis of variance analysis; EDL – extensor digitorum longus muscle; F – F 
distribution test; Hz – Hertz (frequency in cycles per second); RM-ANOVA – repeated 
measures 2-way analysis of variance analysis; SEM – standard error of the mean. 

16.3.4 Transmission electron micrographs 

The reduction in grip strength in 12-month-old Mrpl54+/- males, combined with a trend 

toward a reduction in ex vivo mean tetanic force for aged Mrpl54+/- EDL and soleus muscles may 

point to sarcomere disruption. To visualize the sarcomeres, we used transmission electron 

microscopy (TEM) (Fig. 16.5). As expected, 15-month-old WT EDL muscle displayed regularly 

shaped sarcomeres, aligned Z-lines, and IMF mitochondria with aligned CRUs that lie within the 

I-band and are perpendicular to the Z-line (Fig. 16.5a). Compared to WT, we identified a series of 

structural abnormalities in 15-month-old Mrpl54+/- male EDL muscle, which displayed sarcomeres 

with heterogeneous sizes and shapes and with misaligned and disrupted Z-lines (Fig. 16.5b). Both 

morphology and orientation of the CRUs in Mrpl54+/- male EDL muscle were compromised in 

that the triads were not aligned transversally with the myofibrils, and the IMF mitochondria 

displayed evidence of hypertrophy comparted to WT (Fig. 16.5c-d). 
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Figure 16.5 Representative transmission electron micrographs of 15M-old male EDL muscle.  

a) WT sarcomeres are regular and ordered with IMF mitochondria (green arrows) oriented 
within the I-band (yellow arrows) of the sarcomere and transverse to the Z-line (black arrow).  

b) Mrpl54+/- sarcomeres display heterogeneous shapes without alignment and with many IMF 
mitochondria (green arrows) misaligned.  

c) WT CRUs (white circles) are symmetrical, located on either side of the Z-line (black arrow), 
and contain a transverse tubule element flanked by two terminal cisternae (triad) close to IMF 
mitochondria (green arrows) lying within the I-band (yellow arrows).  

d) Mrpl54+/- IMF mitochondria (green arrows) display hypertrophy and are misaligned with 
the CRU triads (white circles). Scale bar is 1µm. 
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16.4 Discussion 

We had previously identified reduced levels of ETC complex protein subunits in Mrpl54+/- 

primary myoblasts; although, the ratio of mitochondrial-DNA-encoded to nuclear-DNA-encoded 

ETC complex proteins remained like WT44. In the current study, we likewise did not identify a 

physical or metabolic phenotype in young male or female Mrpl54+/- mice, which indicates that the 

reduced expression of a critical mitochondrial large subunit ribosomal protein had limited effect 

on mitochondrial ribosomal function in young animals. These results match what is generally 

observed in human heterozygous carriers of Mrp mutations – a damaging phenotype does not 

manifest in the young unless both mutated alleles are inherited21. One exception to the observed 

human data was observed in the Mrpl40+/- mouse model, where the knock down of a single Mrpl40 

allele resulted in a short-term memory deficit (via Serca2-independent deregulation of presynaptic 

Ca2+) in 16-20-week-old Mrpl40+/- mice, which is thought to contribute to 22q11.2-microdeletion-

related schizophrenia46. 

Given that mitochondrial dysfunction is a hallmark of aging33, MRPs are downregulated 

with age in skeletal muscle27, and we observed low ETC protein levels in Mrpl54+/- primary 

myoblasts, we hypothesized that a skeletal muscle phenotype will manifest with age in the 

Mrpl54+/- mouse model. We searched the IMPC mouse database for Mrp+/- skeletal muscle 

outcomes and found that, across several Mrp+/- models including Mrp54+/-, grip strength was lower 

when compared to WT. After following male and female Mrpl54+/- and WT mice for 12-months, 

we confirmed that male Mrpl54+/- grip strength declined compared to WT and that this decline 

was detectable by age 12-months. Searching the literature for aging skeletal muscle phenotypes 

related to MRPs, we identified one study of a homozygous Mrps5 mouse model (Mrps5V338Y/V338Y) 

that introduced an increased mitochondrial translational error rate resulting in an age-related 
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skeletal muscle phenotype – while no differences were detected between young 9-month 

Mrps5V338Y/V338Y and WT mice, 19-month-old Mrps5V338Y/V338Y showed accelerated aging 

metabolomic and transcriptomic profiles47. 

Unexpectedly, 12-month-old Mrpl54+/- males had better treadmill endurance than WT. This 

result compliments the rightward shift observed in the force frequency curves in  Mrpl54+/- male 

mice, which may have been associated with a switch in muscle fiber type. The ex vivo soleus and 

EDL contraction and fatigue experiments supported both the decreased grip strength results 

(decreased ex vivo tetanic force) as well as the increased treadmill endurance (increased ex vivo 

fatigue recovery). We had previously tested 18-month and 24-month male Mrpl54+/- versus WT 

on the treadmill and found no difference in endurance (Reid et al., 2023). Collectively, these results 

suggest the Mrpl54+/- males show an early aging muscle phenotype with respect to grip strength 

but there may be a compensatory mechanism in play that strives to maintain overall muscle 

function, which is lost as the male Mrpl54+/- ages past 12-months.  

16.5 Methods 

16.5.1 International Mouse Phenotype Consortium (IMPC) grip strength data retrieval 

On 28 April 2022, raw grip strength data was downloaded from the IMPC website for fifteen 

Mrp+/- mouse models (Mrps5, Mrps12, Mrps18c, Mrps21, Mrps22, Mrps25, Mrps35, Mrpl10, 

Mrpl12, Mrpl18, Mrpl22, Mrpl33, Mrpl54, and Mrpl58). At the time of the grip strength tests, 

male and female mice were early adults for both Mrp+/- (n=7-9) and control animals (n=387-1901). 

The grip strength test involved three trials and followed the standardized International or European 

Mouse Phenotyping Resource of Standardised Screens (IMPReSS or EMPReSS) protocols 

published at the IMPC website48. 
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16.5.2 Animal husbandry and genotyping 

Institute Clinic de la Souris (ICS, France) generated a Mrpl54 constitutive knock-down 

mouse on a C57BL/6N(Taconic) background (C57BL/6NTac-Mrpl54tm1b(EUCOMM)Wtsi/IcsOrl). 

Mrpl54+/- breeding pairs were kept in ventilated racks and their progeny weaned, ear-tagged, and 

tissue sampled for genotyping at age 21 days. DNA for genotyping was extracted from an ear 

sample according to the Phire Animal Direct PCR protocol (F-170, Thermo Scientific). 

Genotyping proceeded according to the ICS protocol (Forward primer Ef 4877 5’-

GACCCACATAAGCAGGGAAGGAGATG-3’, reverse primer L3r 4879 5’-

CAATCTCCTGAGAATGTAGCCCACCAT-3’, Invitrogen). The Mrpl54 knock-out allele 

generated a 402 bp fragment, and the wildtype (WT) allele generated a 1095 bp fragment.  

Male Mrpl54+/- and WT mice, separated by sex (n=15 mice per group, total 30 mice), were 

housed 1-5 per cage under a 12:12-hour light-dark cycle at a room temperature of 23°C until age 

15 months. All mice were fed a standard chow diet (Envigo; Teklad Global 2018). Humane 

endpoint criteria included >15% weight loss over 2 weeks, skin lesions not responding to 

treatment, head tilt/rolling or loss of balance, ulcerated/bulging eye, ulcerated mass, respiratory 

distress, inability to express bladder, distended abdomen, or growing internal mass. The Animal 

Care Committee of the University of Ottawa approved all experimental procedures in this study. 

16.5.3 RNA isolation and real-time qPCR 

For total RNA isolation, a small piece of snap frozen mouse tissue was placed in 1 ml TRIzol 

(Sigma-Aldrich or Invitrogen). Samples were homogenized with a 2.8 mm ceramic bead using a 

homogenized in a Bead Mill 24 Homogenizer (Fisherbrand 15340163) with three 40 second cycles 

at a speed of 2.09 m/s, and a rest time of 22 seconds between cycles. RNA was isolated according 

to manufacturer’s protocol. From 1 μg of extracted RNA, genomic DNA was eliminated with a 
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gDNA Wipeout Buffer and subsequently reverse transcribed into cDNA using the QuantiTect 

Reverse Transcription Kit (QIAGEN). The diluted cDNA was prepared with SYBR Green 

(Roche), and the quantitative gene expression was measured using the LightCycler 480 Instrument 

(Roche). The primer pairs used were as follows: Mrpl54 forward 5’-

AAAAAGCCAGTTGGCAAGGG-3’, reverse 5’-ATGTGTGGTGAGCTGAGTGG-3’; 36B4 

forward 5′-ACGGGTACAAACGAGTCCTG-3′, reverse 5′-GCCTTGACCTTTTCAGCAAG-3′; 

and B2M forward 5′-GGCTCACACTGAATTCACCC-3, 5′-GTCTCGATCCCAGTAGACGG-

3′. To normalize tissue sample expression (threshold cycle [Ct] values) to the expression of 

housekeeping genes, the ΔΔCt method was used. The geometric means of 36B4 (acidic ribosomal 

phosphoprotein gene) and B2m (beta2 microglobulin) genes were used to normalize Mrpl54 tissue 

sample expression (ΔCt values) to the WT samples. 

16.5.4 Western blotting 

A single gastrocnemius muscle was dissected from 15-month-old male mice (n=4 WT; n=4 

Mrp54+/-), flash frozen in liquid nitrogen, and powdered. ~50 mg of tissue was transferred to a 

reinforced homogenization tube containing three 2.8 mm ceramic beads (Fisher Scientific 19-340-

162) and 10 mL/mg lysis buffer (20 mM Tris-Buffer [pH 7.8], 100mM KCl, 1mM dithiothreitol, 

1mm MgCl2, 1 mM EDTA, 20% w/v glycerol, 1% v/v Triton-X-100) augmented with protease 

and phosphatase inhibitors (Roche cOmplete ULTRA [Cat# 05892970001] plus phosStop [Cat# 

4906845001] tablets). Samples were homogenized in a Bead Mill 24 Homogenizer (Fisherbrand 

15340163) with three 40 second cycles at a speed of 2.09 m/s, and a rest time of 22 seconds 

between cycles. The samples were centrifuged twice at 16,000g for 10 minutes at 4°C and the 

supernatant containing the protein lysate stored at -80°C. Protein levels were quantified using the 

DC Protein Assay, (Bio-Rad) and POLARstar Omega plate reader (BMG Labtech).  
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Protein samples were diluted to 1 µg/µL in Laemmli Buffer (Bio-Rad Cat# 1610737) 

augmented with 10% 𝛽𝛽-mercaptoethanol (Fisher Bioreagents, BP176-100). Six µg of each sample 

were run on a 10% SDS-PAGE using the TGX Stain-free FastCast Acrylamide Kit (Bio-Rad Cat# 

1610183) and the Mini-PROTEAN system (Bio-Rad Cat# 1658006). SDS-PAGE was run at 4°C 

at a constant 90 volts across the gel for 30 minutes and then 120 volts for 50-60 minutes. The 

Stain-Free gels were activated once for 45 seconds using a ChemiDoc Touch Imaging System 

(Bio-Rad) and then the proteins transferred to TransBlot Turbo Mini size 0.2 µm nitrocellulose 

membrane (Bio-Rad) using the Trans-Blot TurboTransfer System (Bio-Rad Cat# 1704150EDU).  

The nitrocellulose membrane was imaged for total protein and then blocked for one hour in 

blocking buffer (5% w/v bovine serum albumin [Sigma, SKU A7906] in TBS-T buffer [50mM 

Tris-HCl, pH 7.6; 150mM NaCl; 0.1% Tween]), rocking gently at room temperature. Membranes 

were then incubated with primary antibody diluted in TBS-T buffer (1:1000 Total OXPHOS 

Rodent WB Antibody Cocktail [abcam Cat# ab110413] overnight at 4°C with gentle rocking. After 

three washes with TBS-T, the membrane was incubated for one hour with the matching IgG, 

horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000 Cell Signaling 

Technology Anti-rodent Cat# 7076, or Anti-rabbit Cat# 7074P2), rocking at room temperature. 

After three washes in TBS-T, the membrane was visualized using enhanced chemiluminescent 

detection (BioRad Clarity Cat# 1705061) on the ChemiDoc Touch Imaging System (Bio-Rad).  

To semi-quantify the protein levels in the western blot analyses, dilutions of protein were 

first loaded onto an SDS-PAGE to determine the linear range of protein concentrations. Protein 

concentrations within the linear range were chosen for subsequent semi-quantitative SDS-PAGE, 

where the selected protein band was normalized to total loaded protein and analysed using Image 

Lab Software (Bio-Rad). 
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16.5.5 Body composition using EchoMRI 

Each mouse was loaded into an A100 antenna insert and placed into the EchoMRI 

(EchoMRI-700 Analyzer) to determine body composition (whole-body, lean, and fat mass). 

16.5.6 Grip strength 

Forelimb grip strength was measured using a standard grip strength meter (Chantillion DFE, 

Columbus Instruments) at ages 8-weeks, 6-months, and 12-months. The mouse was allowed to 

grasp a bar mounted on the meter and, after stabilization, the force transducer meter was set to zero 

and the mouse tail gently pulled horizontally until the grasp was broken. The moment the mouse 

released its forepaws from the bar, the tension in grams was recorded. The test was conducted five 

times consecutively, with a 60-second interval between trials. The same operator conducting all 

grip strength experiments and was blinded to genotype. Grip strength was evaluated in three ways: 

the peak measurement, the average of all five measurements, and the top three measurements49. 

16.5.7 Endurance treadmill 

At age 12 months, male mice in the grip strength study were tested for endurance50 on a 

treadmill (Exer-3/6, Columbus Instruments). Mice were acclimated to the treadmill over three 

consecutive days where they were placed on an unmoving belt for 5 minutes, then running at a 

constant speed of 15 cm/s at an elevation of +5° with an electro-stimulus (0.1 mA, 1 Hz) applied 

to the resting grid. Those mice that achieved fewer than 5 stimulations over 5 minutes by the third 

acclimation day were permitted to continue with the endurance test. The endurance test was 

conducted the day following the last day of acclimation using the following profile – accelerate to 

15 cm/s in 30 seconds and then run at 15 cm/s for 12 minutes, accelerating +3.0 cm/s over 30 

seconds every 12 minutes7. Mice ran until the exhaustion criterion was met (3 electro-stimulus 

contacts [0.1 mA, 1.0 Hz] within 10 seconds) at which point the electro-stimulus was stopped, and 
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the running time, distance, and maximum speed attained were recorded. The same operator 

conducted all treadmill experiments and was blinded to genotype. 

16.5.8 Ex vivo extensor digitorum longus (EDL) and soleus muscle contraction  

Male Mrpl54+/- and WT mice aged 15-months (n=6 per group, total 12 mice) were sacrificed 

by cervical dislocation and the EDL and soleus dissected from one hindlimb. Each muscle was 

superfused in a physiological saline solution containing (in mM) 118.5 NaCl, 4.7 KCl, 2.4 CaCl2, 

3.1 MgCl2, 25 NaHCO3, 2 NaH2PO4, and 5.5 D-glucose51. The solution was continuously bubbled 

with 95% O2 and 5% CO2 to maintain a pH of 7.4. Experimental temperature was 37°C. Total flow 

of solution in the muscle chamber was 15 mL/min split just above and below the muscle to prevent 

buildup of reactive oxygen species52. Each muscle was stimulated by passing a current between 

two parallel platinum wires located 4 mm apart on opposite sides in the middle of the muscle. 

Stimuli was provided by a Grass S88X stimulator and a Grass stimulation isolation unit (Grass 

Technologies/Astro-Med).  

Muscles were positioned horizontally in a Plexiglas chamber with one end of the muscle 

fixed to a stationary hook using silk suture, while the other end was attached to a force transducer 

(model 400A; Aurora Scientific Canada). The transducer was connected to a KCP13104 data 

acquisition system (Keithley), and data were recorded at 5 kHz. EDL and soleus muscles were 

allowed to equilibrate for 30 min after the muscle length was adjusted to give maximal tetanic 

force (200 ms trains of 0.3 ms and 10-V [supramaximal voltage] pulses at 140 Hz and 200 Hz for 

soleus and EDL, respectively). Maximum tetanic force, defined as the force developed during a 

tetanic contraction, was calculated as the difference between the maximum force during a 

contraction and the force measured 5 ms before the contraction was elicited. Tetanic force was 

normalized as follows53: 
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Fnormalized = Fmeasured/CSA*CF  

CSA = Le/(We*Mdensity) 

Where Fnormalized is the normalized force in N/cm2; Fmeasured is the measured force in g; CF is the 

conversion factor of 0.00980665 N/g; CSA is the cross-sectional area in cm2; Le is the muscle 

length in cm; We is the muscle mass in g; and Mdensity is the muscle density of 1.06 g/cm3. 

During the 30 min equilibration, tetanic contractions were elicited every 100 s. After the 30 

min equilibrium period, a force-frequency curve was generated starting at 1 Hz and increasing by 

10-20 Hz every 5 min until 200 Hz. Frequency 50 was calculated from the sigmoidal curve (the 

stimulation frequency at which muscles generate 50% of maximum tetanic force). A fatigue bout 

was elicited for each muscle by delivering a tetanic force every second over a 3 min period. 

Muscles were allowed to recover by eliciting tetanic contractions every 5 min over a 20 min period. 

16.5.9 Fiber typing and cross-sectional area 

EDL and soleus muscles were embedded in Tissue-Plus medium (Fisher HealthCare Cat. 

23-730-571), frozen in isopentane precooled in liquid nitrogen, and stored at −80°C. Ten-

micrometer sections were cut at -20°C using a cryostat (Leica CM 1850), placed on positively 

charged glass slides, and stored at -80°C. Sections were stained using a Mouse-on-Mouse (M.O.M) 

fluorescein kit (Cat. No. FMK-2201, MJS Biolynx, Canada) for type I, IIA, and IIB fibers. Briefly, 

a section was incubated 1 hour in 10% M.O.M. Mouse IgG Blocking Reagent and washed with 

phosphate buffer saline (PBS) and then washed twice in phosphate buffered saline (PBS) for two 

minutes. Cross sections were incubated 5 min in 10% M.O.M. Protein Diluent in PBS solution 

before being exposed 1 hour to either mouse monoclonal anti-myosin type I (A4.840), anti-myosin 

IIA (SC-71), or anti-myosin heavy chain type IIB (BF-F3; Developmental Studies Hybridoma 

Bank); different cross sections were used to identify fiber types. After three washes with PBS, 
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cross sections were exposed 10 min to biotinylated anti-mouse IgG reagent solution. Finally, cross 

sections were incubated 15 min in a fluorescein avidin (1:500) followed by three washes in PBS. 

Slides were mounted on slide with mounting media and cover it with coverslip. Images were 

captured on a Zeiss Axio Imager.M2 microscope (Canada) using a digital camera (AxioCam mRm 

CCD). Pictures were taken from overlapping regions of each muscle and then collaged together to 

allow fiber typing measurements from all fibers of each muscle using Imaris software (Bitplane 

an Oxford Instruments company). 

16.5.10 Transmission electron microscopy 

EDL muscles were dissected from 15-month-old WT and Mrpl54+/- males and fixed in glass 

vials containing 2.5% glutaraldehyde in 0.1 M NaCaCO buffer (pH 7.4) (Cedarlane 16537-15). 

The vials were gently rocked at room temperature for 30 min, then incubated overnight at 4°C. 

The muscles were placed in 1% osmium tetroxide for 60 min, rinsed with 0.2 M NaCaCO, 

dehydrated in a series of ethanol solutions, followed by propylene oxide, and then finally 

embedded in epoxy resin. An ultramicrotome was used to generate 500 nm sections, which were 

stained with toluidine blue and viewed using light microscopy. Once the correct orientation was 

confirmed, the resin block was trimmed to a 1 mm hexagon and thin 60-90 nm sections were sliced 

using a diamond cutter. The sections were then stained onto mesh grids using uranyl nitrate and 

lead citrate. Images of sarcomeres for each sample were captured on a JEOL JEM-1400Plus 60-

kV transmission electron microscope with magnification set to 6500X or 25,600X. 

16.5.11 Statistics 

Descriptive statistics were employed to examine the IMPC grip strength data generating 

Forest plots depicting mean difference in grip strength (average of three trials) with 95% 

confidence intervals (CIs). Mrpl54 expression, western blot results, body composition, 12-month 
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treadmill endurance, maximum tetanic force, and Frequency 50 results were compared using two-

tailed unpaired Student’s t-tests. Mean grip strength over time was analysed using mixed effects 

analysis corrected for multiple measurements using Šídák's multiple comparisons test and analysis 

of covariance (ANCOVA) to eliminate the effect of body mass-related variance54. Force-

frequency, fatigue, and recovery curves were analysed using repeated measures two-way ANOVA 

using the Geisser-Greenhouse correction for unequal variability of differences55. Absolute force-

frequency curves were also analysed using split-plot ANOVA analysis. When a main effect or 

interaction was significant, then Fisher’s least significance difference test was employed without 

adjustments for multiple comparisons. GraphPad Prism 9.4.1 (GraphPad Software, Inc.) was used 

for statistical analyses except for split-plot ANOVA, which was completed using the general linear 

model procedures of the Statistical Analysis Software (SAS Institute Inc., Cary, NC). Statistical 

significance was set at p<0.05. 
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16.7 Supplemental Figures 

Figure 16.6 Supplemental: Mean grip strength adjusted for body mass using ANCOVA.  

a) 8W male mean grip strength adjusted for body mass (n=12 WT; n=15 Mrpl54+/-).  

b) 8W female mean grip strength adjusted for body mass (n=10 WT; n=15 Mrpl54+/-).  

c) 6M male mean grip strength adjusted for body mass (n=8 WT; n=7 Mrpl54+/-).  

d) 6M female mean grip strength adjusted for body mass (n=12 WT; n= 15 Mrpl54+/-).  

e) 12M female mean grip strength adjusted for body mass (n=12 WT; n= 14 Mrpl54+/-).  

  

a) 

a) b) 

c) d) 

e) 



   
 

107 
 

 
Figure 16.7 Supplemental: Peak grip strength and mean grip strength for top three 
measurements.  

a) 12-month (12M) male peak grip strength (n=12 WT; n=13 Mrpl54+/-).  

b) 12M male peak grip strength adjusted for body mass using ANCOVA.  

c) 12M male top three grip strength measurements (n=12 WT; n=13 Mrpl54+/-).  

d) 12M male top three grip strength measurements adjusted for body mass using ANCOVA. 
Values are means ± SE; **** p<0.0001. 
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17. Future Direction/Other Work In-Progress 

17.1  Future direction – stress testing the Mrpl54+/- mouse model 

In Sections 12 and 13, data and results were presented characterizing the Mrpl54+/- mouse 

model under low stress conditions.  The predictions were that reducing Mrpl54 gene expression in 

the mouse would result in mitohormetic effects, such as an increased health span or lifespan, as 

observed in the C. elegans reduced Mrp longevity model (Houtkooper et al., 2013). WT and 

Mrpl54+/- mice separated by sex were housed under low stress conditions with 5 to 10 animals in 

a large cage (at least 90 cm2 per mouse), ad libitum access to food and water, and enrichment in 

the form of bedding, house domes, and cotton pads that could be shredded for nesting (André et 

al., 2018). Under these conditions, ~50% reduction in Mrpl54 expression had no discernible effect 

on metabolic health with age or lifespan in either male or female mice (Reid et al., 2023).  

Housing male C57BL/6NTac mice at greater than 3-5 mice per cage introduced unplanned 

conspecific aggression, which is known to reduce lifespan through subordination stress (Razzoli 

et al., 2018). In the Mrpl54+/- lifespan study, a male mouse exposed to severe conspecific 

aggression (i.e., aggression that resulted in either injury or the death of a mouse) was separated 

from his cage mates and moved to individual housing. If male separation was required, it happened 

between 3-6-months of age, leaving the male in individual housing for most of his lifespan. A male 

Mrpl54+/- mouse exposed to severe conspecific aggression and then subsequently individually 

housed may have a better life expectancy than WT (Fig. 17.1). Compared to individually housed 

WT males, the overall life expectancy hazard ratio (HR) leaned in the direction of favouring 

individually housed Mrpl54+/- males (HR 1.34, 95% CI 0.53, 1.6, p=0.28) (Fig. 17.1a). Compared 

to group-housed WT males, individually housed Mrpl54+/- males had an extended overall life 

expectancy (HR 1.56, 95% CI 1.02, 2.39, p=0.005) (Fig. 17.1b). 24-month life expectancy results 
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(the upper limit used for C57/BL6 because of strain-specific age effects (Hagan, 2017)) were even 

more pronounced (Fig. 17.1c-d). These lifespan results favoring individually housed Mrpl54+/- 

males arose after unplanned aggression and separation of males and so are hypothesis generating 

only. 

By definition, a mitohormetic is the introduction of a mild mitochondrial stressor that then 

primes an organism to resist future stressors (Yun & Finkel, 2014). Reducing the expression of 

Mrpl54 in the mouse failed to affect lifespan or metabolic health span under low stress conditions. 

However, the seemingly positive lifespan results for Mrpl54+/- males individually caged after 

exposure to conspecific aggression suggest that reduced Mrpl54 expression may have positive 

health benefits under high stress conditions. Amongst individually housed male mice that 

experienced conspecific aggression in the Mrpl54+/- longevity study, the high stress likely came 

from subordination, lack of social housing, or both (Razzoli et al., 2018; Võikar et al., 2005). To 

test this hypothesis, future lifespan studies could test the Mrpl54+/- mouse model using stress 

conditions that are known to impact lifespan, such as the lifelong chronic psychosocial stress 

model (Razzoli et al., 2018). 
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Figure 17.1 Life expectancy comparison between WT and Mrpl54+/- male mice. 

Male mice exposed to severe conspecific aggression were individually housed versus group-
housed males (Reid et al., 2023).  

a) Overall life expectancy of male individually housed WT vs. individually housed Mrpl54+/-.  

b) Overall life expectancy of male group-housed WT vs. individually housed Mrpl54+/-.  

c) 24M life expectancy of male individually housed WT vs. individually housed Mrpl54+/-.  

d) 24M life expectancy of male group-housed WT vs. individually housed Mrpl54+/-.  

24M – 24-month, CI – confidence interval, HR – hazard ratio, WT – wildtype 
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17.2  Work in-progress – Sirt1-/- mouse model 

Improving or maintaining the function of mitochondria with age (e.g., maintaining 

mitoproteostasis and reducing excess ROS production) is recognized as an upstream health target 

to maintain health span and to prevent (or reduce the effects of) neurodegenerative diseases (e.g., 

Alzheimer’s and Parkinson’s Disease) (Olagunju et al., 2023).  A key player in maintaining 

mitochondrial function with age is the silent information regulator-1 (SIRT1), which is a NAD+-

dependent lysine deacetylase found in both the nucleus and the cytoplasm. SIRT1 signalling is 

considered a longevity pathway because it is a hub of intracellular communication that affects 

multiple cellular processes including cell survival and apoptosis, inflammation, stress adaptation, 

metabolism, and cellular senescence (C. Chen et al., 2020). With age, SIRT1 levels decrease (along 

with NAD+ levels) and this decrease is exacerbated in aged patients with neurodegenerative 

diseases (Xu et al., 2023).   

In the roundworm, overexpression of Sir-2.1 (the orthologue of mammalian Sirt1) will 

increase lifespan by 10-25% (Mouchiroud et al., 2013; Viswanathan & Guarente, 2011). The 

increase in lifespan is dependent on the induction of the UPRmt and a mitonuclear protein 

imbalance (Mouchiroud et al., 2013). Likewise, blocking Sir-2.1 expression in the roundworm 

blocks the induction of the UPRmt and abrogates lifespan extension. In primary mouse hepatocytes, 

increasing SIRT1 signalling will induce a mitonuclear protein imbalance and the UPRmt. 

Abrogating Sirt1 expression (via adenovirus-controlled Cre recombinase infected Sirt1 floxed 

mouse primary hepatocytes) blocks induction of both the mitonuclear imbalance and the UPRmt 

(Mouchiroud et al., 2013) 

While whole-body overexpression of Sirt1 does not extend mouse lifespan, it does promote 

healthy aging (e.g., improved glucose tolerance and reduced spontaneous tumour generation) 
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(Herranz et al., 2010). Brain-specific overexpression of Sirt1 in transgenic mice (BRASTO mice) 

shows enhanced neural activity with age, a delayed aging phenotype, as well as an increased 

lifespan (extension of ~11% for median lifespan and ~10% for maximal lifespan) (Satoh et al., 

2013). Delayed aging characteristics in BRASTO mice includes increased skeletal muscle 

mitochondrial function, dark time physical activity, and sleep quality at age 20 months.  

 To test whether the absence of SIRT1 will accelerate the decline of metabolic health with 

age and whether abrogation of the UPRmt and a mitonuclear protein imbalance is involved in a 

SIRT1-mediated decline, we generated outbred whole-body male Sirt1 knock out mice (Sirt1-/-) 

(McBurney et al., 2003). To examine metabolic health with age, we subjected Sirt1-/- mice to 

EchoMRI and indirect calorimetry at age 7-10 months and again at 13-15 months and compared 

them to WT. Sirt1-/- mice do not synthesize the SIRT1 protein (McBurney et al., 2003) and are 

~40% smaller than control mice (Fig. 17.2.1a), although there is no difference in fat or lean mass 

composition relative to body mass (Fig 17.2.1b). Indirect calorimetry using the Comprehensive 

Lab Animal Monitoring System (CLAMS, Columbus Instruments Inc.) at 7-10 months and again 

at 13-15 months revealed that the smaller Sirt1-/- male mice inhaled a lower volume of O2 (VO2) 

than WT, particularly during the active dark cycle (Fig. 17.2.2a-b). However, the differences can 

be explained by a smaller body mass (Fig. 17.2.2c). The respiratory exchange ratio (RER, 

VCO2/VO2) was no different between WT and Sirt1-/- mice at 7-10 months or 13-15 months (Fig. 

17.2.3a). Ambulatory motion (total beam break counts) for both WT and Sirt1-/- mice at both time 

points was unusually high, which suggests the mice were in a stressed state; however, both the 

active dark phase and the less active light phase were discernible (Fig. 17.2.3b). No difference in 

ambulatory motion was noted between WT and Sirt1-/- mice at 7-10 months or 13-15 months. 
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Energy intake (kCal/hour) was lower in Sirt1-/- males (Fig. 17.2.3c); however, like VO2, the 

difference can be explained by the lower Sirt1-/- body mass (Fig. 17.2.3c inset).  

These results contradict a previously published study examining the same Sirt1-/- mouse 

model, which reported Sirt1-/- mice as hyperphagic (increased food consumption), less active 

during the dark phase, higher VO2, and a RER close to 0.7, indicating a reliance on lipid substrates 

for fuel (Boily et al., 2008). The difference in results can be attributed to dividing parameters by 

body mass instead of regression through an ANCOVA analysis (Macena & Bueno, 2023; Tschöp 

et al., 2012). As well, the mice in the present study had unusually high ambulatory motion (total 

number of beam breaks) in the CLAMS, which is in an indicator of high stress and may have 

impacted the results.     

Like the ambiguous results from whole-body overexpression of Sirt1 (Herranz et al., 2010), 

a whole-body knock (Sirt1-/-) demonstrates ambiguous results with respect to an aging phenotype. 

Sirt1-/- mice are undoubtedly smaller, have a disabling eye phenotype, and do not survive long into 

adulthood but these affects appear to be developmental rather than related to aging. Since the 

BRASTO mouse (brain-specific overexpression of SIRT1) showed extended lifespan and healthy 

aging effects (Satoh et al., 2013), future directions using the Sirt1-/- mouse model could investigate 

the brain-specific knock-out of Sirt1 through metabolic testing as well as testing for the induction 

of a mitonuclear imbalance and the UPRmt within brain tissue. 
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Figure 17.2.1 Body composition of Sirt1 WT vs. Sirt1-/- mice. 

WT vs. Sirt1-/- mice at ages 7-10 months (7-10M; WT n=4; Sirt1-/- n=4) and 13-15 months (13-
15M; WT n=13; Sirt1-/- n=7).  

a) Sirt1-/- are significantly smaller than WT, although  

b) the relative fat and lean mass compositions are no different between Sirt1-/- and WT. Values 
are means ± SE; * p<0.05; ** p<0.01. 

7-10M – 7-10 months; 13-15M – 13-15 months; SE – standard error; WT – wildtype 

. 

  

Body 
mass

Fat 
mass

Lean 
mass

0

20

40

60

80
M

as
s 

(g
)

✱

✱✱

7-10M

Body 
mass

Fat 
mass

Lean 
mass

0

20

40

60

80
✱

✱

✱

13-15M

Fat mass  
ratio

Lean mass  
ratio

0.00

0.25

0.50

0.75

1.00

B
od

y 
co

m
po

si
tio

n
(m

as
s 

/ b
od

y 
m

as
s)

7-10M

Fat mass  
ratio

Lean mass  
ratio

0.00

0.25

0.50

0.75

1.00
✱

13-15M

Sirt1 WT Sirt1-/-

a)

b)



   
 

115 
 

 

Figure 17.2.2 Mean volume of O2 inhalation (VO2 in L/hour) in Sirt1-/- and WT mice. 

Using indirect calorimetry,  
a-b) Sirt1-/- mice display lower O2 consumption during the active phase at 7-10M (WT n=4; 
Sirt1-/- n=4) and at both light dark phases at 13-15M (WT n=13; Sirt1-/- n=7).  

c) However, the differences in 24-hour VO2 can be explained by a lower body mass in Sirt1-/- 

mice. Values are means ± SE; * p<0.05; *** p<0.001.  

7-10M – 7-10 months; 13-15M – 13-15 months; SE – standard error; WT – wildtype 
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Figure 17.2.3 Indirect calorimetry parameters comparing Sirt1-/- and WT mice. 

Sirt1-/- and WT mice at 7-10M (WT n=4; Sirt1-/- n=4) and 13-15M (WT n=13; Sirt1-/- n=7).  

a) No difference in RER between WT and Sirt1-/- mice.  

b) No difference in ambulatory motion between WT and Sirt1-/- mice.  

c-d) Calorie intake and output were lower in Sirt1-/- mice; however, these results were 
explained by the lower body mass of Sirt1-/- mice (c-d insets showing dark period calorie 
intake and energy output regressed against body mass).  

Values are means ± SE. 

7-10M – 7-10 months; 13-15M – 13-15 months; RER – respiratory exchange ratio; WT – 
wildtype 

17.3  Work in-progress – high-throughput testing of anti-aging compounds 

 Houtkooper et al. (2013) demonstrated that invoking the UPRmt by targeting mitochondrial 

translation and generating a mitonuclear protein imbalance will improve lifespan and health span 

in C. elegans. Alzheimer’s Disease (AD) is an age-related disorder characterized by aggregation 

of amyloid protein peptides that invokes the UPRmt (Sorrentino 2017). Intriguingly, Sorrentino et 

al. (2017) targeted mitochondrial translation to successfully invoke a mitonuclear protein 

imbalance, induce the UPRmt, and delay aggregation of amyloid-β peptide (Aβ). Use of 

doxycycline to target mitochondrial translation in human SH-SY5Y neuroblastoma cells (with 

Swedish mutation K670N/M671L in the amyloid precursor protein [APP] gene) induces a 

mitonuclear protein imbalance and the UPRmt and reduces intracellular Aβ deposits (Sorrentino et 

al., 2017). Likewise, inducing a mitonuclear protein imbalance and the UPRmt using doxycycline 

or reducing Mrps5 expression reduced Aβ aggregation in a C. elegans model (Sorrentino et al., 

2017). These results indicate that targeting mitochondrial translation and invoking the UPRmt can 

improve mitochondrial proteostasis and potentially delay amyloid-proteotoxic diseases like AD. 

The Worm Tracker high-throughput system is designed to rapidly screen compounds that 

could potentially affect lifespan or health span through the induction of UPRmt (Perni et al., 2018). 
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It is based on increased protein aggregation (i.e., disrupted proteostasis) – a known hall mark of 

aging (López-Otín et al., 2013, 2023). The GMC101 C. elegans model expresses full-length human 

Aβ peptide in its body muscle, driven by a temperature-dependent heavy chain muscle myosin 

promoter (Mccoll et al., 2012). Once the roundworms are moved from 20°C to 25°C, Aβ 

aggregation begins, and the worms become paralysed over the span of two days. The Worm 

Tracker system can quantify both thrashing and crawling worm behaviours, both of which decrease 

with age and, in the GMC101 roundworm, with the onset of Aβ-mediated paralysis. A compound 

that induces a mitonuclear protein imbalance and the UPRmt and then decreases or delays age-

related protein aggregation is thought to also be a good candidate to increase lifespan or health 

span through the delay in the onset of age-related diseases (e.g., AD and Inclusion Body Myositis, 

both of which have Aβ aggregation in neuronal and muscle tissue, respectively (Blagosklonny, 

2017; Lilleker et al., 2019)). 

As proof of concept, GMC101 roundworms were treated with doxycycline to target 

mitochondrial translation, induce a mitonuclear protein imbalance and the UPRmt, and extend C. 

elegans lifespan in a dose-dependent manner (Houtkooper et al., 2013; Sorrentino et al., 2017). As 

measured by the Worm Tracker thrashing assay, 25°C GMC101 roundworms treated with 

doxycycline had similar levels of motion as 20°C worms treated with vehicle (H2O) only, 

indicating that doxycycline rescued Aβ-mediated paralysis (Fig. 17.3).  

Ideally, anti-aging compounds could be combined to provide an additive or synergistic anti-

aging effect; however, to be additive, the mode of action of individual compounds need to follow 

different biochemical pathways. Two compounds that fulfill this criterion are rapamycin and low-

dose lithium. Rapamycin is a recognized anti-aging compound that induces a mitonuclear 

imbalance and the UPRmt, and extends C. elegans lifespan (Houtkooper et al., 2013). Low-dose 
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lithium likewise extends C. elegans lifespan through pleiotropic effects including increased 

mitochondrial biogenesis (Singulani et al., 2021). Rapamycin’s anti-aging effects act primarily 

through the inhibition of the mTOR (mammalian target of rapamycin) nutrient sensing pathway, 

through a reduction in global mRNA translation (i.e., reducing energetic demands) or through 

activation of autophagy, which allows clearance of damaged cells (Robida-Stubbs et al., 2012). 

The anti-aging effects of low-dose lithium are thought to include mTOR-independent autophagy  

and telomere lengthening (Coutts et al., 2018; McColl et al., 2008; Sarkar et al., 2005). Low-dose 

lithium is also an inhibitor of HDAC 1 and so HDAC inhibition may also play a role in lithium’s 

anti-aging effects (Wu et al., 2013). Rapamycin and low-dose lithium were shown to have an 

additive effect against neurodegeneration in a Huntington’s Disease Drosophila model (Sarkar et 

al., 2008). They were also tested in combination in a mouse model of protein-aggregating 

Machado-Joseph disease (Duarte-Silva et al., 2016). Unfortunately, the lithium/rapamycin-

treated mice experienced neurotoxicity and the authors concluded that the lithium dose was too 

high. Indeed, lithium at high doses will activate mTOR through the inhibition of glycogen 

synthase kinase-3β, effectively reducing autophagy (Sarkar et al., 2008). 

Using the Worm Tracker system, the mobility of temperature-induced GMC101 worms 

were tested after separate rapamycin and low-dose lithium treatments, using doxycycline as a 

positive control. Compared to vehicle (H2O), both LiCl (5 mM) and the positive control (15 

μg/mL doxycycline) successfully rescued muscle paralysis in GMC101 worms with temperature 

induced Aβ expression (Fig. 17.3); however, rapamycin (100 μM) failed to dissolve in nematode 

media. The next steps are to optimize the dissolution of rapamycin in nematode media, then test 

separately and in combination with low dose lithium for additive/synergistic effects.  
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.  

Figure 17.3 Worm Tracker thrasher test for compounds that can rescue temperature-induce Aβ 
aggregation and worm paralysis.  

After induction at 25°C, GMC101 worms become paralyzed from the aggregation of Aβ in the 
body muscle. Both doxycycline (15 μg/mL) and LiCl (5 mM) rescues paralysis.  

Values are means ± SE. 

Aβ – amyloid-beta peptide; LiCl – lithium chloride  
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17.4  Work in-progress – Polypterus senegalus land-acclimation model  

One of the central and least well-answered questions relating to the fish-tetrapod transition 

asks what are the factors that facilitate the transition from water to land locomotion (Long & 

Gordon, 2004)? It may be that phenotypic plasticity (where a new environment induces an 

organism to change morphology and physiology) plays an important role in facilitating the 

evolution of novel traits (West-Eberhard, 2003). Alternately, phenotypic plasticity may play a role 

in facilitating the evolutionary transition between pre-adaptations to adaptations (i.e., the re-

emergence of a previous adaptation when encountering a similar environment) or co-opting an old 

trait for a new function (i.e., exaptation) (Rodgers & Gomez Isaza, 2023).  In other words, 

phenotypic plasticity may allow an organism to survive and reproduce in a novel (often extreme) 

environment long enough for successful adaptions or acclimations to become fixed heritable 

adaptations. Rogers & Isaza (2023) place this hypothesis in the context of cross-protection (i.e., 

hormesis) where exposure to complex stressors (i.e., alterations to an organism’s environment that 

challenge performance or fitness) increases resilience to future stressors. In this regard, cross-

protection is seen as a pre-adaptation (Rodgers & Gomez Isaza, 2023). In the fish-tetrapod 

transition, exposure to an air environment and terrestrial locomotion may have provided a complex 

stressor with a hormetic (cross-protective) response that permitted survival as well as facilitated 

adaptation. In this regard, studying extant amphibious fish and how they acclimate to a terrestrial 

environment can give insight into the fish-tetrapod transition. 

P. senegalus belongs to an ancient class of fish, the bichirs, which are a basal group of ray-

finned fishes (i.e., a basal actinopterygian) and possibly the most primitive of living bony fish 

(Noack et al., 1996; Yang et al., 2015). Due to their ability to breathe air along with muscular 

pectoral fins, P. senegalus is capable of terrestrial locomotion (Du et al., 2016). These features 
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make P. senegalus an ideal model to study land-acclimation and the tetrapod water-to-land 

transition (Hale et al., 2022; Standen et al., 2014).  

In their natural environment, P. senegalus can move on land using a contralateral gait and 

can successfully acclimate to an air environment – at least for short stints during seasonal drying 

of their habitat (Du et al., 2016). Standen et al. (2014) asked what happens to P. senegalus 

behaviour and developmental morphology after juveniles are exposed to an air-breathing terrestrial 

environment (water depth 3 mm) for 8-months. They found that fish raised on land developed a 

more predictable and efficient walking gait, raised their heads higher, and their pectoral anatomy 

displayed phenotypic plasticity in response to the change in forces experienced by the skeleton. 

Intriguingly, the skeletal changes observed in land-raised P. senegalus resemble what is observed 

in the fossil remains of stem tetrapods (Andrews & Westoll, 1970). Additional anatomical and 

physiological changes in land-raised P. senegalus include 28% more fast-twitch (i.e., glycolytic) 

muscle fibers in the pectoral fins used in the terrestrial contralateral gait (Du & Standen, 2017). 

The proportion of fast-twitch muscle fibers near the pectoral girdle increases in land-raised fish 

and there is a larger proportion of small diameter fibers (<5 μm), suggesting increased muscle fiber 

growth potential (i.e., hyperplasia) in land-raised P. senegalus (Du & Standen, 2017). These 

changes in muscle fiber type, location, and growth potential are evidence of adaptive plasticity that 

allow P. senegalus to harness greater bursts of power during locomotion on land. Whether the 

anatomical and physiological changes in land-raised P. senegalus constitute a hormetic response 

to a stressful environment and facilitate the evolution of traits conducive to terrestrial locomotion 

requires multigenerational experiments. However, breeding P. senegalus  in a laboratory setting 

has proved challenging. 
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A major area of functional change during the transition from water to land is respiration, 

with a switch from sufficient to poor gas exchange across the gills. For P. senegalus raised in a 

terrestrial environment, poor gas exchange across the gills (diffusion of O2) necessitates the switch 

to a reliance on air-sacs (convection of O2) possibly via spiracle respiration (paired tubes that 

extend from the dorsal surface of the skull to the buccopharyngeal chamber) (Graham et al., 2014). 

In facultative air-breathing fish, the gills have a different respiratory potential than air-breathing 

organs, and so the switch to lungs will likely impact energetic costs (da Cruz & Fernandes, 2016; 

Fernandes & Moron, 2020; McMahon, 1970). To examine the effect on ATP production after 7.5-

months in a terrestrial environment and the switch from gills to lungs, we isolated mitochondria 

from body muscle using differential centrifugation (Djafarzadeh & Jakob, 2017). We raised 

juvenile fish raised in terrestrial (gravel with ~3 mm water, n=13), aquatic plus exercise (aquatic 

conditions plus 30 cm daily walk down a 5° ramp, n=11), and aquatic (control, n=11) environments 

(Fig 17.4.1a) (Du & Standen, 2020), and then tested OXPHOS efficiency using respiration 

polarography (Clark-type electrode, Hansatech Instruments) (Banh et al., 2016).  

Pre- versus post-study comparison of fish body mass and length indicated that juvenile P. 

senegalus raised in terrestrial conditions did not grow appreciably during the 7.5-month study (Fig. 

17.4.1b), despite consuming the same amount of food as control fish (Du & Standen, 2020). In 

contrast, P. senegalus raised in aquatic conditions increased their body mass by 50-60% and their 

body length by ~25%. These results indicate that P. senegalus is expending energy at the expense 

of growth while in a terrestrial environment. The yield of isolated mitochondria per mg of P. 

senegalus body muscle tissue was high; however, OXPHOS activity was not consistently 

measurable using current methodology to isolate mitochondria via differential centrifugation. To 

preserve mitochondrial function, the time between muscle dissection and measurement of O2 
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consumption was minimized by adding muscle homogenate directly to the Clarke-type electrode 

and bypassing differential centrifugation (Doerrier et al., 2018). The results indicated a strong 

response to mitochondrial substrates and inhibitors (Fig. 17.4.2a); however, the variation between 

individuals was too high to allow comparison between land-raised and control fish. Isolated intact 

body and fin muscle fibers from an aquatic control P. senegalus were then tested using real-time 

cell metabolic analysis (Seahorse XF Analyzer, Agilent) (Spangenburg & Ward, 2016). 

Preliminary results successfully generated an OXPHOS profile, except for the absence of 

oligomycin-mediated ATP synthase inhibition (an old aliquot of oligomycin is suspected) (Fig. 

17.4.2b). The next steps will be to replicate the muscle fiber respiration results and optimize the 

method to produce consistent results between technical replicates. Once this is achieved, then the 

method can be applied to compare muscle fiber respiration between terrestrial and aquatic control 

fish.
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Figure 17.4.1 P. senegalus experimental conditions and change in body mass and length.  

a) Juvenile P. senegalus raised in aquatic control, aquatic exercised (aquatic plus ~30 cm daily 
walk on 5° ramp), and terrestrial (gravel with 3 mm water) conditions.  

b) After 7.5 months, juvenile P. senegalus raised in an aquatic environment increased both 
body mass and length whereas P. senegalus raised in a terrestrial environment maintained both 
body mass and length.  

Values are means ± SE; 2-way ANOVA with Dunnett’s multiple comparisons test (aquatic 
control vs. terrestrial) and Tukey’s correction for multiple comparisons. 

ANOVA – analysis of variance; SE – standard error 
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Figure 17.4.2 Assessment of OXPHOS efficiency in P. senegalus body muscle.  

a) Polarography of homogenized body muscle (Hom) indicating O2 consumption after the 
stepwise addition of Complex I substrate (GM), ATP-synthase substrate (ADP + Pi), Complex 
II substrate (Succ), ATP-synthase inhibitor (oligomycin), OXPHOS uncoupler (FCCP, 
depolarises mitochondrial inner membrane), and Complex IV substrate (Asc/TMPD).  

b) Isolated intact body and fin muscle fibers from P. senegalus aquatic control under 
compound microscope (representative image at 100X; left) immediately followed by real-time 
cell metabolic analysis (Seahorse XF Analyzer, Agilent) (right) using a modified Seahorse XF 
Mito Stress Test (Spangenburg & Ward, 2016) 

AA – antimycin A (Complex III inhibitor); ADP – adenosine diphosphate; Asc – ascorbate 
(maintains TMPD in a reduced state); ATP – adenosine triphosphate; FCCP – carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazine (OXPHOS uncoupler); GM – glutamate plus 
malate (substrate for Complex I); Hom – body muscle tissue homogenate; OXPHOS – 
oxidative phosphorylation; Pi – inorganic phosphate; Rot – rotenone (Complex I inhibitor); 
Succ – succinate (substrate for Complex II); TMPD – tetramethyl-p-phenylenediamine 
dihydrochloride (substrate for Complex IV) 
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18. Discussion  

 Maintaining mitochondrial function with age is required to extend human health span and 

possibly lifespan (López-Otín et al., 2013, 2023). Likewise, survival in new challenging 

environments hinges on maintaining energy levels through mitochondrial adaption, which may 

facilitate evolutionary change (Sokolova, 2018). The mitochondrial unfolded protein response 

(UPRmt) is a cross-species biochemical process that helps an organism respond to external and 

internal stressors and maintain mitochondrial proteostasis and function. The UPRmt contributes to 

robustness where mitochondrial function is maintained in the face of perturbations (Plech et al., 

2017). Invoking the UPRmt before the onset of adulthood in the roundworm C. elegans, through 

the generation of a mitonuclear protein imbalance, acts as a hormetic and provides resilience (the 

ability to resist future stressors) and extends both health span and lifespan (Houtkooper et al., 

2013). This thesis aims to investigate the potential hormetic role of the UPRmt in a mammalian 

model; to determine whether a mild stressor that challenges mitochondrial translation would 

improve health span or lifespan. Additional investigations were conducted on the role of 

mitochondrial adaption in P. senegalus, which is a fish model for water to land transition and 

tetrapod evolution. 

18.1  Mitochondrial adaption in P. senegalus, a fish model for water to land transition 

 Like aging, acclimation to a new environment involves responding to external stressors to 

maintain homeostasis or to achieve allostasis. Likewise, maintaining energy levels is necessary for 

both healthy aging and for thriving in a new environment, and so maintaining or enhancing 

mitochondrial health and efficiency is essential for both healthy aging and acclimation. 

 The roundworm C. elegans has harnessed the UPRmt in a species-specific manner to enhance 

survival against xenobiotic stressors in its soil environment, which is an example of adaptation (Q. 
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Zhang et al., 2021). Other stress response pathways are implicated in adaptation – for example, 

the endoplasmic reticulum UPR is integral to acclimation of plants to low O2 levels (Beaugelin et 

al., 2020). An intriguing proposition is that the UPRmt, and/or other stress response pathways, in 

P. senegalus is involved in responding and adapting to external stressors as it transitions from 

water to land.  

 The first question to ask is how a stress response system gives a selective advantage (Ness, 

Bhatnagar, & Ellis, 2016). In the P. senegalus water to land transition model, two land 

interventions were compared to an aquatic control. The functionality of isolated body muscle 

mitochondria was compared to determine whether living or walking on land affects mitochondria 

efficiency. Variation between individuals was high, which is not unusual for laboratory animals 

that come from the pet trade. Real-time cell metabolic analysis was successfully employed on body 

muscle fibers from an aquatic P. senegalus. Future work will 1) optimize the muscle fiber assay 

to generate consistent and reproducible results, 2) compare muscle fiber respiration between land-

raised and aquatic control P. senegalus, and then 3) examine the role of stress response pathways, 

such as the UPRmt, in the P. senegalus land-acclimation response. 

18.2  Reduced Mrpl54 gene expression has no hormetic effect in C57BL/6N mice 

 The Mrpl54+/- mouse model was designed to test whether the hormetic response observed in 

the reduced Mrp C. elegans model (i.e., an increased health span and lifespan) (Houtkooper et al., 

2013) could be duplicated in a mammalian model. The prediction was that a ~50% germ-line 

reduction in Mrpl54, encoding a critical mitochondrial ribosomal protein, would improve mouse 

metabolic health span and/or lifespan through a proteostatic stress-mediated upregulation of the 

UPRmt. Following Mrpl54+/- and Mrpl54 WT mice for the duration of their natural lifespan 

revealed no differences in growth, median lifespan, or maximum lifespan in either males or 
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females (Reid et al., 2023). Likewise, no differences were observed in metabolic health at 6-, 18- 

or 24-months.  

Characterization of the Mrpl54+/- mouse model revealed that a ~50% reduction in Mrpl54 

gene expression had no effect on basal UPRmt levels in the liver nor was there any evidence of a 

mitonuclear protein imbalance. Reduced levels of OXPHOS protein subunits were detected in 

primary myoblasts retrieved from hind limb skeletal muscle; although, the relative concentrations 

of nDNA- to mtDNA-encoded proteins were the same as WT (i.e., no mitonuclear protein 

imbalance nor UPRmt signal was detected). Further examination of the model revealed that male 

Mrpl54+/- mice experienced reduced grip strength (also observed in other Mrp heterozygous mouse 

models (Groza et al., 2023)) from age 12-months onward, coupled with improved treadmill 

endurance, decreased ex vivo tetanic force, increased ex vivo fatigue recovery, and disrupted 

sarcomeres as evidenced through transmission electron micrographs. However, by age 18-months 

Mrpl54+/- male treadmill endurance was no different than WT. Rather than improving health span 

or lifespan, reduction in Mrpl54 gene expression instead points to an aged skeletal muscle 

phenotype in males by age 12-months. Up to this age, there appears to be a compensatory 

mechanism to maintain overall muscle function, which may have manifested as improved ex vivo 

fatigue recovery and an improved treadmill endurance that was maintained between age 12- and 

18-months (equivalent to age ~42-56 years in a human (Hagan, 2017)) but lost thereafter when 

compared to WT animals.  

The conclusion is that a ~50% germline reduction of a critical Mrp gene has no discernible 

hormetic effect in the tested mammalian model. This result counters the observations in C. elegans, 

where RNAi-mediated ~50% Mrp reduction and germline heterozygous tars-1 (mitochondrial 

threonyl-tRNA synthetase) reduction both result in health span and lifespan extensions through a 
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mitonuclear protein imbalance-mediated upregulation of the UPRmt (M. Guo et al., 2023; 

Houtkooper et al., 2013).  

18.3  Why does reducing Mrpl54 result in hormesis in C. elegans but not in the mouse? 

18.3.1 Strain-specific effect 

 In Houtkooper et al. (2013), quantitative trait locus (QTL) mapping of BXD mice revealed 

an association between Mrp levels and lifespan, where BXD strains with lower Mrp expression 

were longer lived (Houtkooper et al., 2013). BXD mice are multigenerational C57BL/6J 

intercrosses with DBA/2J mouse strains to mimic the genetic diversity of human cohorts (Martins 

et al., 2021). 

The background mouse strain used in this study was C57BL/6N from Taconic Biosciences 

(Taconic Biosciences, 2024). C57BL/6 strains are relatively long lived (mean 2.5 years for males) 

when compared to short-lived strains like DBA/2J (mean 1.9 years for males) (Yuan et al., 2009). 

It may be that the reduced Mrp effects on lifespan from the BXD QTL mapping study were driven 

by the DBA/2J genetic background rather than the C57BL/6 background. Reducing the expression 

of a critical Mrp in a short-lived strain like DBA/2J may yet result in a mitohormetic effect on 

health span or lifespan. 

18.3.2 Species-specific effect 

Recall the Surf1 knock out mouse model, where the ablation of SURF1 protein (which assists 

in the assembly of mtDNA-encoded subunits of respiratory complex CIV) yields a UPRmt-

mediated phenotype that is beneficial in the mouse (e.g., increased lifespan) but harmful to humans 

(e.g., Leigh Syndrome) (Dell’Agnello et al., 2007). It may be that reduction of Mrp expression in 

C. elegans has a beneficial effect (i.e., increased health span and lifespan) (Houtkooper et al., 2013) 

but the same heterozygous Mrp mutation in a mammalian model has no appreciable benefit (i.e., 
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no difference in metabolic health with age or lifespan) (Reid et al., 2023) or possibly a deficit (i.e., 

Mrpl54+/- exhibit early age-related reduced grip strength and sarcomere disruption) (Reid et al., 

manuscript in progress). 

18.3.3 Species-specific adaptation 

Alternately, the answer as to why C. elegans exhibits lifespan extension in response to 

mitoproteostatic stress may lie in a C. elegans-specific adaptation. Specifically, the UPRmt in the 

roundworm is adapted to respond to a soil-based environmental stressor that then primes the 

roundworm (and subsequent generations) to withstand future environmental stress. This is an 

example of hormesis or what Rogers & Isaza (2023) would call “cross-protection", where exposure 

to complex stressors (i.e., alterations to an organism’s environment that challenge performance or 

fitness) increases resilience to future stressors.  

The evidence for a C. elegans-specific UPRmt adaptation comes from a relatively recent 

publication (Q. Zhang et al., 2021) where the presence of a soil xenobiotic (e.g., Pseudomonas 

aeruginosa, an opportunistic C. elegans pathogen (Ambreetha & Balachandar, 2022)) is picked up 

by the roundworm's sensory neurons. The xenobiotic triggers both mitochondrial proteostatic 

stress (i.e.., mitonuclear protein imbalance) and a local UPRmt signal in the neurons that are then 

propagated cell non-autonomously (via Wnt cytokine signaling (Q. Zhang et al., 2018)) to the gut 

as well as the maternal gonad. The neuron-mediated induction of proteostatic stress and the UPRmt 

in the gut primes the roundworm for imminent ingestion of P. aeruginosa. The result is stress 

resistance to the soil xenobiotic (i.e., hormesis) coupled with a tradeoff in fitness (delayed 

development and reduced brood size). However, the proteostatic stress-mediated UPRmt signal 

triggered by the soil xenobiotic also increases the roundworm’s health span and lifespan (Q. Zhang 

et al., 2021), which is also observed in Houtkooper et al. (2013). An increased life span could 
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potentially help offset the fitness cost – a xenobiotic-resistant roundworm may have a reduced 

brood size, but it also has a longer lifespan and so can have a greater number of broods than an 

unstressed roundworm.  

Most intriguingly, a mitonuclear protein imbalance and the UPRmt signal are both 

transmitted to the roundworm’s gonad where they are maternally transmitted (through an increase 

in mtDNA levels) for up to 50 generations of roundworm descendants (even after the original 

neuronal stressor is removed), priming future progeny to survive a hostile environment of 

pathogenic xenobiotics (Q. Zhang et al., 2021). Each subsequent generation maternally inherits a 

mitonuclear protein imbalance and an upregulated UPRmt signal. Descendants live longer than 

unstressed roundworms and are resistant to heat stress, paraquat treatment, as well as infection 

with P. aeruginosa, but again at the cost of slow development and reduced fecundity. This is an 

example of transgenerational epigenetic inheritance, where a stressor encountered by the parent is 

maternally transmitted to the offspring to improve the survival of future generations. 

Comparing the nematode and mammalian UPRmt signaling pathways also gives clues as to 

why sensing mitoproteostatic stress and invoking the UPRmt affects lifespan in the roundworm but 

not in the mouse. In C. elegans, the UPRmt appears to be a standalone pathway that operates 

independently of Atf-5 (the orthologue of mammalian ATF4, which is the master regulator of the 

mammalian integrated stress response [ISR]) (Molenaars et al., 2020). Independent activation of 

the C. elegans UPRmt makes sense if the UPRmt is adapted in a species-specific manner to respond 

to and propagate externally sensed environmental stressors (e.g., xenobiotics like P. aeruginosa) 

– the C. elegans UPRmt stress response remains local and therefore controllable and focused (i.e., 

on priming the roundworm and its progeny to resist future environmental stressors). In contrast, 
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the mammalian UPRmt is downstream and dependent on ATF4 signaling and the ISR with a focus 

on re-establishing proteostasis in response to perturbation. 

18.4  Why do male Mrpl54+/- mice display an early skeletal muscle phenotype?  

 With age, Ca2+ leakage from the sarcoplasmic reticulum results in increased Ca2+ within the 

mitochondria (Endlicher et al., 2023). Calcium overload triggers the opening of the mitochondrial 

permeability transition pore (mPTP), which is exacerbated with age because the Ca2+ threshold 

that triggers the mPTP is lower in aged mammals (Gouspillou et al. 2014). The result is a reduced 

membrane potential, release of Ca2+ into the cytosol, and activation of caspase-3, which in skeletal 

muscle can lead to muscle fiber atrophy (Skinner et al., 2021) Prolonged opening of the mPTP can 

lead to enlarged swollen mitochondria through osmosis, which is a hallmark of aged skeletal 

muscle in mice (Pietrangelo et al., 2015).  

By age 12-months the male Mrpl54+/- mouse had reduced grip strength, reduced ex vivo 

skeletal muscle tetanic force, disrupted sarcomeres, misaligned Ca2+ release units, and enlarged 

intermyofibrillar mitochondria. This aged phenotype is typically not observed in mice before the 

age of 24-months (Pietrangelo et al., 2015). It may be that by age 12 months, Mrpl54+/- male mice 

experience an early loss in Ca2+ homeostasis in skeletal muscle fibers along with prolonged 

opening of the mPTP, which may explain the reduced grip strength and enlarged mitochondria 

phenotype.  

18.5 Sex-specific differences in the Mrpl54+/- mouse model 

 Differences between male and female Mrpl54+/- mice were observed at age 6-months during 

the metabolic health tests and again during the grip strength tests at age 8-weeks, 6-months, and 

12-months. While no metabolic differences were observed between male Mrpl54+/- and WT mice 

at any time point, female Mrpl54+/- mice at age 6-months were smaller, had increased activity 
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during daytime, and had better treadmill endurance when compared to 6-month-old WT females, 

although these differences disappeared by age 18-months. And while male Mrpl54+/- mice had 

decreased grip strength by age 12-months compared to WT males, no differences in grip strength 

were observed between female Mrpl54+/- and WT mice at any time point measured (up to age 12-

months). 

 Mammalian mitochondria are maternally inherited, and they are replete with estrogen 

receptor in both the inner and outer mitochondria membranes (Liao et al., 2015). Estrogen effects 

within mitochondria include improved Ca2+ retention capacity and increased resistance to Ca2+ 

overload, where estrogen provides a protective function especially within skeletal muscle 

(Ventura-Clapier et al., 2019). With age, Ca2+ leakage from the sarcoplasmic reticulum results in 

increased Ca2+ within the mitochondria (Endlicher et al., 2023). Ca2+ overload triggers the opening 

of the mPTP, which reduces membrane potential and results in enlarged hypertrophic mitochondria 

(Endlicher et al., 2023). Since females have higher estrogen levels than males, they may be better 

protected from the Ca2+ overload effects through a delayed opening of the mPTP. And so, if the 

aged Mrpl54+/- reduced grip strength phenotype in males is due to increased sensitivity to 

mitochondrial Ca2+ levels that lead to hypertrophic mitochondria, then it follows that the 

maintenance of grip strength with age in female Mrpl54+/- mice may be attributed to estrogen-

mediated resistance to Ca2+ overload. 

18.6 Conclusion 

Mitochondria are at the centre of ATP production and cellular energy transduction and are 

therefore in a unique position to sense the metabolic health of the cell and communicate this status 

to the nucleus through retrograde communication. One communication pathway is the UPRmt, 

where mitochondrial proteostatic stress (e.g., mitonuclear protein imbalance) generates a signal to 
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the mammalian nucleus via ATF5 (Atfs-1 in C. elegans). The nucleus responds by reducing global 

protein translation, and upregulating those functional proteins involved in the UPRmt to resolve the 

proteostatic stress. In C. elegans, the UPRmt is harnessed not only as a stress signal to resolve 

mitoproteostatic stress, but also as a hormetic to prime the organism and subsequent generations 

to withstand pathogenic xenobiotic stress in its natural soil environment. In mammals, the role of 

the UPRmt as a mitohormetic that affects health span or lifespan is less clear. Unlike the nematode 

UPRmt, the mammalian UPRmt is tightly coupled to the ISR and plays a supporting role in resolving 

proteostatic stress and mitigating the effects of age-related diseases like Alzheimer’s and 

Parkinson’s. Future work can investigate whether a threshold level of UPRmt induction will invoke 

a hormetic response; however, the results in this thesis does not support this hypothesis in 

mammals. 
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	b) Grip strength in females aged 8W (n=10 WT; n=15 Mrpl54+/-), 6M (n=12 WT; n= 15 Mrpl54+/-), and 12M (n=12 WT; n=14 Mrpl54+/-).
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	Values are means ± SE; ** p<0.01; *** p<0.001.
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	16.3.3 Ex vivo muscle contraction experiments demonstrate reduced force generation
	a) Mean normalized tetanic forces (N/cm2), representing the maximum force generated for EDL and soleus muscles during a 400 ms train of pulses at 200 Hz.
	b) Frequency 50 is the stimulation frequency at which muscles generate 50% of maximum tetanic force.
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	ANOVA – analysis of variance analysis; EDL – extensor digitorum longus muscle; F – F distribution test; Hz – Hertz (frequency in cycles per second); RM-ANOVA – repeated measures 2-way analysis of variance analysis; SEM – standard error of the mean.
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	c) WT CRUs (white circles) are symmetrical, located on either side of the Z-line (black arrow), and contain a transverse tubule element flanked by two terminal cisternae (triad) close to IMF mitochondria (green arrows) lying within the I-band (yellow ...
	d) Mrpl54+/- IMF mitochondria (green arrows) display hypertrophy and are misaligned with the CRU triads (white circles). Scale bar is 1µm.
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