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ABSTRACT 

With an extended life expectancy in recent years, society is experiencing an increase in all the issues 

related to ageing. Older people face problems related to their own mobility, frailty and risk of 

injuries that can compromise their independence. In particular, an impoverished neuromuscular 

control and sarcopenia are mainly accountable for a reduced quality of life. Sarcopenia, defined as 

the evidence of a reduction in muscle mass (atrophy) and muscle strength, is nowadays recognized 

as a clinically diagnosed pathology in which incidence increases in the elderly population (> 70 years 

old). The origins of these manifestations are multifactorial and can affect human physiology in 

different districts and in different phases of life. Among all the processes that occur in the locomotor 

system during ageing, a great role is played by neurodegenerative changes. This is the reason why 

the study of molecular and morphological implications in the progression of ageing at the 

neuromuscular level is nowadays very important to give a face to the arising of these impairments, 

especially at the level of the neuromuscular junction (NMJ).  

The NMJ is a chemical synapse that is formed between motor neurons and skeletal muscle fibers 

and its stability is crucial for the communication among these two compartments. Their functional 

interaction promotes a cascade of events that result in muscle contraction (excitation-contraction 

coupling, microscopically) and so movement (macroscopically). An intricate network of factors and 

molecules interacts with each other to maintain the high plasticity of this structure, meaning the 

ability to adapt and reorganize following stimuli. In elderly age, denervation, a defective molecular 

scaffold, mitochondrial dysfunctions and PGC1α impaired transcriptional control probably play an 

important role in NMJ degeneration and the decline of neuromuscular function. 

Up to now, being a multifactorial pathology, neither pharmacological approaches nor therapeutical 

interventions are found to be successful for the treatment of age-related neuromuscular decline, 

but interventions useful to modulate and promote beneficial outcomes are usually applied to relief 

and delay NMJ-associated impairments. Exercise training and dietary supplementation are mainly 

used to treat sarcopenia and recently a greater interest is arising in the study of the beneficial 

combination of physical exercise and nitrate supplementation at the neuromuscular stability. 

Nitrates have been proven to ameliorate the physical performance in trained and untrained people, 

and their potential is mainly targeted to benefit at the level of mitochondrial biogenesis and 

functionality, a very relevant aspect in a highly active mitochondrial tissue such as skeletal muscle.  
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22-months old mice were subjected to 2 months’ endurance exercise training (Old EX) and 1.5 mM 

inorganic NaNO3 supplementation (Old N), separately or in combination (Old EX+N) and sacrificed 

for molecular and morphological evaluations at the age of 24-mo, in parallel with controls matching 

for the same age (Old CTRL). We primarily characterized the elderly cohort through the analysis of 

all the sarcopenia-related markers within the muscle compared to a young cohort of animals (7-

months old, Young CTRL). In old mice, ageing promoted a decline of muscle mass concomitantly to 

the accumulation of hyper fused mitochondria, not correctly cleared by an impaired autophagic flux. 

Moreover, parameters indicative of innervation status and the structural stability of the junction 

were assessed, showing that denervation-related parameters such as NCAM1, Runx1, Myogenin and 

Gadd45α among all, were significantly upregulated in elderly animals, and structural maintenance 

of the postsynaptic side of this complex (namely the acetylcholine receptor, AChR) was perturbed 

due to a higher expression of AChR γ-subunit (indicative of denervation/instability). These results 

were confirmed by morphological evaluations of the NMJ through the acquisition of images at the 

confocal microscopy, revealing a highly fragmented postsynaptic structure and a reduced overlap 

between the pre and postsynaptic side, in parallel with an atrophic axon terminal to confirm a slow 

motor neuron degeneration. Treatments based on dietary nitrate supplementation and endurance 

exercise training promoted a slight benefit on those parameters related to muscle function: ex vivo 

functional assessments by muscle contractility assay and High-Resolution Respirometry (HRR, 

Oroboros-O2k) protocols were shown to highly ameliorate the functionality of aged muscles. 

Moreover, NMJ molecular parameters mildly ameliorated following interventions, even if a large 

improvement was visible in restoring NCAM1 molecular levels. Morphological evaluations following 

treatments then revealed an ameliorated postsynaptic organization with a reduced fragmentation 

in all the old groups under investigation compared to the Old CTRL, together with an increased 

compactness of the AChR clusters confined in a restricted endplate. The presynaptic side underwent 

remodelling in both exercise and nitrate groups, acting on different parameters. 

As last purpose, we wanted to explain mechanisms underlying NMJ alterations and muscle 

deterioration by the characterization of muscular parameters that could be indicative of this. The 

focal regulatory factor PGC1α did not show changes in expression. The relevance of this marker is 

due to its involvement in mitochondrial biogenesis and the regulation of transcription of synaptic 

genes expressed in subsynaptic nuclei at the level of the NMJ. Changes in the expression of 

molecular factors involved in the postsynaptic organization were not perturbed following 

interventions, indicating that this factor is not merely involved in an ameliorated NMJ morphology 
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following nitrates intake and exercise training. Interventions did not change autophagic flux, 

reported in the literature as a pathway that influences the stability and turnover of NMJ 

components. Nitrate supplementation is found to regulate and increase factors involved in the 

Akt/mTOR synthetic pathway (demonstrated to be involved in beneficial remodelling of NMJ). 

Accordingly, a nitrate-induced muscle mass augment was observed. Exercise alone was highly 

affecting the neurotrophins’ activity promoting a positive crosstalk between muscle and nerves 

which appeared hypertrophic and predisposed to reinnervation. Unfortunately, the combination of 

the two interventions did not promote a remarkable amelioration of neuromuscular and muscle 

metabolism-associated markers in comparison with the individual treatments. 

In conclusion, the findings indicated that both treatments were effective in mitigating age-related 

NMJ dysfunctions in terms of morphology and organization. Improvement of muscle size, 

mitochondrial respiration and innervation were moreover representatives of an ameliorated muscle 

tissue functionality. The results obtained encourage thus the evaluations of nitrate supplementation 

in elderly sarcopenic humans to test its ability in counteracting age-related neuromuscular 

impairment. 
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PREFACE 

Skeletal muscle tissue is one of the major tissues that compose the body, and it is involved in 

different but very important vital functions: it acts as a reservoir for different compounds, it is 

involved in respiration and it promotes maintenance of posture and movement through the 

locomotor system. Its principal function, muscle contraction, is promoted by the highly organized 

sarcomere structures, which occupy the majority of the muscle fiber volume, and their interaction 

with specific structural proteins enable the fibers to maintain continuous activity and propagate the 

contractions, conferring those elasticity. Contraction and all the surrounding mechanisms are highly 

energy-demanding, that are accomplished through high levels of mitochondria, the primary energy 

suppliers of the cells. 

Being exposed to different insults and stimuli, it is recognized as a tissue of high plasticity, due to its 

ability to remodel itself to cope with environmental changes and functional requirements. A fine 

balance among various opposite but complementary pathways is maintained to converge the 

system into homeostasis and to maximise the functionality. Interaction with other tissues and an 

intricate crosstalk through signalling molecules occurs, so as to excellently respond to all the 

demands the system encounters. Blood vessels, connective tissue and nerve terminals are finely 

intertwined among muscle fibers to provide nutrition, exchange gaseous compounds, distribute 

endocrine signalling molecules, maintain the structural spatial organization and propagate electrical 

inputs to elicit contraction. The latter interaction takes physically place in a confined area called 

neuromuscular junction (NMJ), in which nerve terminals and muscle fibers create a restricted cleft 

through which an exchange of signals occurs, directed to either trigger intracellular cascade of 

events leading to muscle contraction, and release trophic factors acting on both sides of the junction 

to maintain its functional organization. NMJ is a dynamic structure that is physiologically subjected 

to remodelling driven by an intricate network of factors that orchestrate its plasticity. 

Changes in homeostasis occurring independently in the nerve terminals, in the muscle fibers and at 

the level of the junction, or impairments arising from one of these structures that can negatively 

affect the stability of the interconnected ones, can lead to a compromised transmission of signals, 

an instability of the assembled structures and eventually a degeneration of the activity-dependent 

interaction. Exogenous interventions and physiological changes such as a reduced physical exercise, 

a sedentary lifestyle, changes in dietary uptake, traumatic events, comorbidities and ageing 

modulate the stability of the junction so as to deal with changes. When the remodelling that are 
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triggered cannot be sufficient to restore a functional homeostasis, deregulation processes occur 

leading to an impaired activity. 

Ageing is the result of a natural life course, but pathological spectra can emerge from this when 

subjects are clinically diagnosed with a reduced muscle mass and decreased strength developed by 

contractions, in a condition defined sarcopenia (with parameters officially indexed by the European 

Working Group on Sarcopenia in Older People (EWGSOP), Cruz-Jentoft et al, 2019). The arising frailty 

coming from this condition impairs the quality of life of elderly people which are no more 

independent and thus require more and more assistance. Sarcopenia and associated frailty have a 

multifactorial basis and for this reason it is difficult to approach pharmacological treatments aimed 

at treating the pathology, but rather therapeutic interventions are applied in order to mitigate or 

slow-down the course (Pascual-Fernandez et al, 2020). In this context, non-invasive strategies are 

covering a relevant role to ameliorate this condition. 
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INTRODUCTION 

1. SARCOPENIA 

During ageing, muscles undergo an inevitable and progressive loss of muscle mass accompanied by 

loss of force, a condition that is clinically defined sarcopenia. With an extended life expectancy in 

recent years, quality of older people is a priority. Especially in Italy, where the percentage of elderly 

people is one of the highest in the world, placing it among one of the “older” nations (in 2019, 22.9% 

of the population was over 65 years, and among those 28.4% with serious difficulties in basic 

functional activities, Istat survey 2019). Major hallmarks are loss of mobility, frailty, risk of injuries 

and falls, which can compromise individuals’ independence and have dramatic impacts on the 

society, which nowadays is experiencing an increase in all the issues related to ageing. Most of the 

times, sarcopenic diagnosis is concomitant with comorbidities and the clinical picture of these 

patients undergoes increased morbidity. Besides a huge health care cost and thus the general 

economic impact they represent, it is now becoming very important to characterize the molecular 

pathways at the basis of sarcopenia. In fact, it is reported that worldwide sarcopenia affects about 

5% to 13% of older adults (aged 60–70 years) and as many as 11% to 50% of those aged 80 years or 

older, with a rapid decline per decade from the age of 70. For this reason and all the associated 

features, it has become important to suggest methods and cut-off parameters for the evaluation of 

sarcopenia risk in clinical practice: it is well recognized as a muscle disorder and diagnosed by 

measuring muscle strength (function), muscle mass (quantity) and physical condition assessment 

(quality) (promoted by the EWGSOP, Cruz-Jentoft et al, 2019).  

The aetiology of these manifestations are multifactorial and involve hormonal, biological, nutritional 

and physical activity factors, and can affect human physiology differently in various districts, leading 

to an inexorably muscle degeneration. Old muscles show a reduced regenerative capacity upon 

injury due to reduced number and activity of aged satellite cells (Brack and Rando, 2007). Moreover, 

age-related changes in muscle are driven by complex intrinsic mechanisms, histologically 

characterized by muscle atrophy, myofiber degeneration replaced by nonmuscular cells (i.e. 

adipocytes and connective tissue cells), fiber type grouping (following reinnervation by non-affected 

motor neurons), infiltration of connective fibrotic tissue and increase in inflammatory cytokines, 

presence of centrally-localized nuclei. Biochemical outcomes include altered anabolic, catabolic and 

metabolic pathways, selective loss of fast-twitch fibers and an increased heterogeneity in fiber 

composition, mitochondrial dysfunctions and uncontrolled oxidative stress. Functional features 
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regard weaker strength, contractile apparatus impairment and neuromuscular junction (NMJ) 

alterations. The age-related decline of NMJ is observable with altered structure and function that 

results in an impaired signal transmission and altered innervation (denervation/reinnervation 

cycles), with denervation representing one of the hallmark features of sarcopenia. 

1.1 Age-related denervation 

Denervation is one of the primary outcomes visible in age-related sarcopenia and muscle atrophy. 

This concept arises from a wide range of studies based on the morphology of the NMJ in which 

alterations at the endplate are clearly visible during ageing, with a reduction in motor unit number 

and eventually its loss. A lot of evidence have demonstrated that repeating cycles of denervation 

and reinnervation occur during lifespan and even in aged muscles (Hepple and Rice, 2016). During 

these processes, the motor neuron terminal transiently disconnects from its muscle fiber, rapidly 

followed by reinnervation of vacant sites by the original motor axon (if still intact) or through 

collateral sprouting from adjacent axons, guided by adhesion molecules ubiquitously expressed at 

the level of the NMJ. The motor neuron plasticity then maintains a mosaic distribution of fiber types 

in muscle cross-sections. Over the years, remodelling of motor units occur and fiber type grouping 

is more evident, with fibers of the same type being innervated by the same terminal beside one 

another, until axonal degeneration occurs, leading to grouped denervated fibers (Figure 1). Most of 

the long-term denervated fibers eventually undergo atrophy and will be entirely lost. 
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Figure 1. Morphological impact of motor unit alterations in aged muscle. Young adulthood is 
characterized by an intermingling of fibers belonging to different motor units. This yields a mosaic 
distribution of fiber types in a cross-section view. Adulthood to old age is characterized by repeated 
cycles of denervation-reinnervation that result in fibers of the same type being beside one another (fiber 
type grouping) when viewed in cross-section. Very old age is characterized by increasing frequency of 
axonal degeneration and/or motor neuron death leading to grouped atrophic fibes when viewed in 
cross-section (modified from Hepple and Rice, 2016). 

Debate is ongoing regarding the relation between atrophy and denervation: in early aged rats (21 

months), a significative denervation occurs in Plantaris muscles compared to young littermates, but 

no changes in muscle fibers size and fiber type composition occurs. Concomitantly, Soleus muscles 

from the same animals, involved in postural activity and therefore highly recruited throughout the 

day, show neither denervation nor muscle atrophy assessing that ageing and denervation act in a 

muscle-specific manner, and are not muscle atrophy-dependent (Deschenes et al, 2010). The reason 

why age-related denervation has little chances to undergo reinnervation can vary and be accounted 

for the instability of neuromuscular junction components, like the AChR organization, postsynaptic 

membrane proteins, decreased overlap between pre and postsynaptic elements, altered 

distribution of laminins and extracellular matrix (ECM) proteins, meaning all those components 

involved in the maintenance of the NMJ structure which are nomore able to cope with 

rearrangement requests. Another likely cause for the accumulation of persistently age-related 

denervated fibers can be caused by an impaired axonal regrowth. Aged animals (mice >20 months) 

subjected to acute nerve injury demonstrate little axon regeneration and branching due to 

obstruction of degenerated axonal debris, which incorrect clearance slows down the reoccupation 

of NMJ sites (Kang and Lichtman, 2013). Anyway, in very old female mice (29 months) no significant 

difference in the size or number of motor neuron cell bodies at the spinal cord are assessed, even if 

denervation is prominent in fast-twitch muscles (EDL) but not in slow-twitch Soleus. Despite the 

differences in denervation, fiber grouping is still visible in old animals, shifting Soleus in favour of a 

slower phenotype and Tibialis Anterior to a faster one, with no changes on mass (Chai et al, 2011). 

Axon guidance to reinnervation is a duty accomplished by the expression and active interaction with 

neurotrophins: overexpression of BDNF, GDNF and NGF in rat muscle facilitates axonal sprouting 

and thus reinnervation following 20 weeks’ post-surgical denervation (Hoyng et al, 2014), but 

notably these factors show no significant trends in old rats (35/36 months old) compared to young, 

as an indication of a non-stimulated pathway during ageing (Aare et al, 2016). In this paper, factors 

known as denervation-related factors were also studied, and were found to be highly expressed and 

induced following denervation, in order to launch signals to sprouting axons so as to promote the 
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reinnervation. These factors are now recognized as hallmarks indicative of a denervated muscle 

fiber and thus highly studied in their expression. mRNA levels of these factors significantly increase 

in old rats (shown in the previously mentioned study) and in old female mice (Barns et al, 2014). 

Interestingly, 24 months old mice show a strong denervation profile compared to older animals: this 

is a proof that denervation-related factors are highly expressed to promote reinnervation (which 

turn-down their expression) and decrease after long-term denervation.  

Among these factors, Runx1 covers an important role in denervation. Runx1/AML1 is a Runt-related 

transcription factor-1 (homolog of Runt transcription factor in Drosophila) found at very low 

expression levels in fully innervated muscle fibers and upregulated following denervation. It has 

been shown to have a protective role from severe muscle atrophy: in mice selectively deficient in 

muscle Runx1, its induction is required to prevent myofibrillar disorganization and so an extended 

muscle atrophy and wasting. Interestingly, major pathways involved in autophagy in muscle cells 

(FoxO/Atrogin-1 axis and NFκB/MuRF1 axis) are not excessively activated in Runx1-mutant mice, 

suggesting other pathways responsible for the decrease in muscle mass. Being a transcription factor, 

its activity regulates the expression of genes involved in cell growth, structural stability and function 

of muscle components, while its downregulation promotes a failure in the transcription of these 

genes, leading to atrophy and promoting autophagy. Among those, myosin heavy chain (MHC) IIA 

and AChR γ-subunit are found regulated by Runx1 activity, while none of the other denervation-

related factors undergoes transcriptional regulation by Runx1 (Wang et al, 2005). 

AChR γ-subunit is now widely used as a marker of denervation. Found expressed during embryonic 

and early postnatal development and selectively substituted by the adult ε-subunit in adulthood, 

during denervation its expression is again promoted and enhanced, together with all the other 

subunits highly expressed (studied in Vastus Lateralis of elderly women, Soendenbroe et al, 2020, 

and finely reviewed in different species and muscles by Bao et al, 2020). By the way, the 

denervation-induced increase in AChR subunits’ gene expression does not persist in long-term 

denervated rat muscles. However, the adult isoform maintains high levels of expression in long-term 

denervated fibers, indicative of a preference in the adult isoform conformation of the receptors 

(Adams et al, 1995). The transcription of AChR subunits are regulated by the family of myogenic 

regulatory factors (MRFs), in particular MyoD (myoblast determination factor) and MyoG 

(Myogenin): both are highly increased in their expression after denervation, making them 

denervation-related factor themselves, but only MyoD maintains high levels of expression in long-
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term denervation, while Myogenin decreases in parallel with AChR subunits in their embryonic 

conformation. Even in this case, contrasting assessments are made: following permanent tibial 

nerve injury in rats, Gastrocnemius mRNA levels of receptor’s subunits and the MRF genes 

significantly increase in the seventh day after injury, but then stabilize their expression levels back 

to control ones, until reaching significant lower levels of expression one year after injury in 

comparison to control littermates (Ma et al, 2007). Different outcomes are seen in rat 

Gastrocnemius protein levels, in which α- and γ-subunits show no changes due to ageing, like 

Myogenin protein expression (Apel et al, 2009). 

Another important modulator of denervation is represented by Gadd45α, the growth arrest and 

DNA damage-inducible 45α, a small myonuclear protein which promotes denervation-induced 

myofiber atrophy. Denervation per se strongly increases Gadd45α mRNA expression, which causes 

myonuclei reprogram and altered skeletal muscle gene expression, repressing genes involved in 

anabolic signalling, reducing mitochondrial efficiency and anti-atrophic pathways and stimulating 

thus pro-atrophic mechanisms. Its inhibition decreases denervation-induced muscle atrophy, while 

its overexpression is sufficient to induce muscle fiber atrophy even in the absence of denervation 

(Ebert et al, 2012). Induction of Gadd45α is mediated by HDAC4, a histone deacetylase which covers 

a relevant role in muscle denervation-reinnervation cycles. In this context, Gadd45α mediates 

several downstream effects of HDAC4, including the induction of both AChR γ-subunit and 

Myogenin and, most importantly, skeletal muscle mass loss and fiber atrophy (Bongers et al, 2013). 

HDAC4 is a key enzyme which regulates gene expression by its histone deacetylation activity and 

mainly involved in satellite cell proliferation and differentiation. In last years, an important role was 

discovered in denervation-induced atrophy. Being highly expressed following denervation, it is 

promoter of atrogenes (muscle-specific E3 ubiquitin ligases) expression and autophagy-related 

proteins (Atg7, p62, LC3B, PINK1 and BNIP3). It was moreover found to cause the downregulation 

of the key regulatory factors SIRT1 and PGC1α and among all, induces Myogenin expression 

(through Gadd45α) and its downstream molecular factors. HDAC4 inhibition alleviates thus 

denervation-induced muscle atrophy by restrain all the previous pathways (Ma et al, 2021), but 

long-term inhibition leads to an impaired clearance apparatus for damaged components within the 

fibers that undergo denervation (Pigna et al, 2018). Its activity depends on the degree of 

phosphorylation, which confers its localization and activity: it is predominantly localized into the 

nuclei of fast-twitch fibers where it represses the oxidative metabolic gene program, while the 
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inactive cytoplasmic localization is associated with a hyper-phosphorylation in slow-twitch fibers 

(Cohen et al, 2015). It is important to note that denervation occurs primarily in fast-twitch fibers 

and the nuclear localization of HDAC4 can so accelerate all the downstream denervation-related 

mechanisms. The arising curiosity around HDAC4 led to the discovery of miR-206 as a regulatory 

element for its expression. It is able to inhibit HDAC4 activity, reversing muscle atrophy and 

promoting satellite cell differentiation (Huang et al, 2016). Another beneficial aspect it promotes is 

linked to the regeneration of neuromuscular synapses by induction of reinnervation. After 

denervation, there is a local increase in MyoD which promotes miR-206 expression. By inhibiting 

HDAC4 activity, this miRNA indirectly increases levels of the fibroblast growth factor binding protein-

1 (FGFBP1), a secreted growth factor that interacts with FGF and promotes thus reinnervation 

(Bruneteau et al, 2013). miR-206 is also involved in the negative regulation of BDNF activity, due to 

a recurrent presence of binding sites along its transcript: by inhibiting its expression is thus able to 

modulate the retrograde signalling for promoting BDNF-dependent survival of motor neurons and 

NMJ remodelling (Miura et al, 2011). 

Last, but not least, NCAM1 is highly studied in denervation and sarcopenia. It is a neural cell 

adhesion molecule that facilitates innervation processes and promotes synaptic stability by 

managing the distribution of presynaptic structures at developing and regenerating synapses. It was 

demonstrated that NCAM1-null mice undergo weaker and unstable reinnervation that ultimately 

degenerate after nerve injury. Moreover, incorrect redistribution of synaptic vesicles occurs in the 

active zone, promoting the scenario of NMJ instability and nerve terminal lower functionality 

(Chipman et al, 2014). It is found expressed in the cytoplasm of denervated fibers together with the 

neonatal isoform of MHC, a marker of regeneration, and both persist in highly atrophied muscle 

fibers of human biopsies, suggesting that loss of neural signal reverts certain muscle fiber proteins 

to an embryonic configuration (together with increased AChR γ-subunit; Soendenbroe et al, 2020). 

NCAM1, involved in myoblast fusion during development, is identified with lots of isoforms and 

localizations within a cell, and undergoes post-translational modifications. This is the reason why 

the main approach to study its expression levels is by the evaluation of its spatial localization 

(junctional or extra junctional, at the level of the NMJ, or cytoplasmic). The cytoplasmic localization 

is mainly found in highly atrophic muscles fibers, while the extra junctional expression is maintained 

following 2 weeks’ denervation, even if in general elderly mouse skeletal muscle fibers have been 

demonstrated to have diminished capacity to upregulate NCAM1 production in response to 

denervation (Gillon and Sheard, 2015). On the contrary, NCAM1 was significantly upregulated in 
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both cytoplasmic and junctional localization at either 2 and 4 weeks after denervation in old rats 

(Hendrickse et al, 2018). 

Taken together, the evaluation and expression profile of all these denervation-related factors 

contribute to the recognition of a denervated muscle which manifests functional impairment and 

eventually undergoes atrophy. However, it is still unknown whether the initial myofiber denervation 

is related to deleterious changes in muscle cells themselves or neurons or both components. It 

seems that the maintenance of NMJs depends on the healthy state of motor neurons and myofibers, 

and the profitable exchange of trophic signals by these two compartments. 

1.2 Age-related instability of NMJ 

Although the adult NMJ is a stable synapse under physiological conditions, it is also capable of 

remodelling to cope with various stimuli, exhibiting a dynamic expression of factors involved in its 

structural and functional organization (Figure 2). 

 

Figure 2. The architecture of a neuromuscular junction (NMJ). (A, B) The NMJ is composed by three 
elements: presynaptic (motor nerve terminal), intrasynaptic (synaptic cleft), and postsynaptic 
component (muscle fiber). When the action potential reaches the motor nerve terminal, the voltage-
gated calcium (Ca2+) channels (VGCC) open and calcium ions enter in the terminal part of the neuron 
and delivers acetylcholine (Ach) in the synaptic cleft. (C) Activated AChRs promote a cascade of events 
within the muscle fiber and among those, the activation of the dihydropyridine receptors (DHPRs) 
located in the sarcolemma occurs, causing the induction of the ryanodine receptors (RyRs). Calcium 
released from the sarcoplasmic reticulum through the RyRs binds to troponin C and allows cross-bridge 
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cycling and thus force production. (D) The intricate molecular scaffold composing the postsynaptic 
component. Modified from Gonzalez-Freire et al, 2014 and Koneczny et al, 2014. 

However, with ageing the complexity and morphology of the NMJ become altered, appearing in 

rodents with a loss of the typical pretzel-like configuration (in a paper from 2013, Cheng and 

colleagues elegantly follow the timing evolution and changes of NMJ morphology of 2, 14, 19, 22, 

25 and 28-months old mice). Nevertheless, different outcomes are seen in human NMJ 

morphologies, in which a slightly different postsynaptic structure (less complex and significantly 

smaller than rodents) is demonstrated to be less compelling across the entire adult lifespan, 

showing minor age-related instability and degeneration (Jones et al, 2017). However, a pivotal study 

in cadavers of elderly people showed an altered morphology and postsynaptic fragmentation, 

supporting a NMJ instability outcome (Oda K, 1984). These morphological alterations are thus 

reflective of a functional impairment (Willadt et al, 2018). In general, aged NMJs of most muscles 

show marked structural alterations, including nerve-terminal sprouting, disassembled active 

terminal zones, the previously described denervation accompanied by muscle fibers impairments, 

and fragmentation of the motor plaque. 

Fragmentation of the postsynaptic side occurs when AChR clusters lose their spatial organization 

and thus disperse along the sarcolemma. This can be due to defects in all the cytoskeletal apparatus 

within the muscle fiber which can deteriorate during ageing and/or the loss of trophic activity which 

normally acts as a positive feedback for the maintenance of the structure. Activity at the level of the 

junction is maintained by the functional interaction of axon terminals with postsynaptic elements, 

but when nerve terminals detach to their fibers causing denervation, no active signal occurs within 

the cell and thus the trophism is nomore maintained. One of the key players for the maintenance 

of active NMJs is found in agrin. The synaptic signalling protein actively interacts with AChRs upon 

release maintaining their clustering. However, selective cleavage of agrin by neurotrypsin releases 

a soluble 22 kDa C-terminal agrin fragment (CAF), an inactive form of the protein that subsequently 

destabilizes AChR clusters. CAF is then dispersed in the extrasynaptic portions and has been found 

at high levels in the blood of sarcopenic diagnosed patients, rendering this factor a biomarker for 

sarcopenia (Hettwer et al, 2013). 

During senescence, the percentage of denervated fibers augments and the compensatory sprouting 

of axon terminals seems to lose its efficiency, leaving muscle fibers without connection or connected 

with altered terminals and thus leading to a disruption of the postsynaptic neuromuscular 

organization and muscle fibers defects, with most of the times nuclei centrally located (Li et al, 



22 
 

2011). Because the maintenance of muscle mass requires normal innervation and regular activation, 

malfunction of any of these elements can lead to muscle deterioration and thus atrophy and loss of 

function. 

Although degeneration of the NMJ in aged muscles is well known, the exact causes underlying its 

instability remain unclear. Many evidence indicate that mitochondria, a critical cellular organelle 

involved in energy production and cellular signalling, may be either a primary trigger or at least an 

important player in this process, in both junctional elements (Rygiel et al, 2016). 

1.3 Age-related mitochondria adaptation 

Mitochondria are the master producers of energy within the cell, so they play an important role in 

accomplishing metabolic demands and regulating many critical processes. They are particularly 

dynamic organelles in their structure and function, so as to be able to cope with any environmental 

change to preserve cellular homeostasis. Particularly enriched with these organelles, the muscle 

fibers require a large and constant energy supply to carry out their main activity, namely muscle 

contraction. But numerous other processes are occurring in the mitochondria as this organelle is 

critical for the regulation of signalling pathways relevant for muscle metabolism: not only ATP 

producer for the energetic sustainment of the cell, but also regulator of a balanced ROS (reactive 

oxygen species) equilibrium and inducer of the programmed cell death machinery under specific 

stimuli that collectively participate to the intrinsic apoptotic process. They are interspersed within 

the sarcoplasm and mainly localized in regions with high metabolic activity (especially in NMJs and 

among contractile myofilaments), found thus interconnected to boost their outcomes. 

Given the relevant importance of mitochondria within muscle fibers, they need to be tightly 

controlled by a complex mitochondrial quality control system (Quiles and Gustafsson, 2020), 

essential to limit mitochondrial damage and for the maintenance of healthy organelles. It involves 

pathways related to protein folding and degradation as well as systems involved in organelle shape 

(mitochondrial dynamics) and turnover by the elimination of damaged organelles (mitophagy) and 

biogenesis of new ones (mitochondriogenesis) (Figure 3). 
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Figure 3. Mitochondrial dynamics and quality control. Mitochondria undergo dynamic processes of 
biogenesis, fusion, fission, and mitophagy. A fine balance between fission and fusion processes are 
needed to maintain normal mitochondrial function. An imbalance of fission/fusion dynamics leads to 
mitochondrial dysfunction: excessive fission can lead to cell death and excessive fusion is often seen in 
senescence. Adapted from Garbern and Lee, 2021. 

Mitochondrial dynamics allow these organelles to undergo coordinated cycles of fission and fusion, 

in order to rapidly modulate their morphology and change in size, shape and distribution within the 

sarcoplasm (Tilokani et al, 2018). Mitochondrial fission (or fragmentation) is characterized by the 

segregation of one mitochondrion to two smaller organelles. They are mostly dysfunctional or 

damaged components of the mitochondrial network which are prepared for their removal via 

mitophagy. This process is mediated by a large cytoplasmic GTPase, the dynamin-related/-like 

protein 1 (Drp1), which is recruited to the outer mitochondrial membrane (OMM) where it 

oligomerizes and form a ring-like structure to drive membrane constriction. This recruitment is 

mediated by a family of membrane-anchored proteins, as Fis1. The final step of fission is the scission 

of the membranes and thus release of two separated organelles. A reduced fission and/or increased 

fusion lead to elongated mitochondria, while excessive fission and/or inhibited fusion generate 

isolated mitochondria, which are less efficient in ATP production and are thus dysfunctional because 

they focus ATP consumption for the maintenance of their membrane potential. Recent evidence 

also reveal that increased mitochondrial fission is causative of muscle wasting by promoting 
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apoptosis and atrophy of muscle fibers, while its inhibition leads to a diminished mitophagy followed 

by accumulation of dysfunctional organelles that over time promotes cell death. Further, 

fragmentation occurring in damaged mitochondria results in energy stress and AMPK-induced 

activation of FoxO3 that could induce expression of atrophy-related genes, protein breakdown and 

muscle loss, and eventually promote the release of pro-apoptotic factors (Romanello et al, 2010). 

Conversely, mitochondrial fusion is the union of two mitochondria resulting in just one elongated 

organelle. This mechanism can occur between healthy and damaged organelles in order to dilute 

the damaged material into the healthy network, avoiding the local accumulation of defective or 

abnormal mitochondria and maintaining their overall fitness (function). It is promoted by specific 

melting of the OMMs and even in this case, two large GTPases guide this phenomenon: Mfn1 and 

Mfn2 (mitofusins), accumulated at the level of the contact areas of two adjacent mitochondria. The 

docking of the two organelles occurs when even the inner mitochondrial membranes (IMMs) fuse, 

and this is mediated by the Mfn1-dependent activation of OPA1 (Optic Atrophy 1, part of the 

dynamin-like GTPase family). This pathway increases the bioenergetic capacity of the cell and is 

essential for the excitation-contraction coupling (ECC) in skeletal muscles. In addition, under high-

energy demand conditions, mitochondrial fusion covers a survival function, by protecting 

mitochondria against mitophagy, decreasing the probability of activation of the apoptotic regulatory 

elements, reducing ROS production and optimizing ATP synthesis (Romanello and Sandri, 2015). 

However, fusion events can repair membranes only when an intact membrane potential is 

maintained (which can dissipate when there is damage). Instead, fission processes can occur 

following loss of membrane potential and allows damaged portions of the mitochondrion to be 

degraded by mitophagy (Johnson et al, 2013). Fusion processes are moreover found to maintain 

mtDNA stability, contrary to fission events in which mtDNA can undergo more frequent mutations 

and eventually get lost (Chen et al, 2010). Notably, damage in mtDNA would trigger a vicious cycle 

in which the synthesis of defective electron transport chain (ETC) subunits results in decreased ATP 

production and higher ROS generation. 

The importance in maintaining an equilibrium among these two phenomena is fundamental: they 

do not act separately but instead pro-fission and pro-fusion proteins cooperate to maintain a 

balance in mitochondrial dynamics and control mitochondrial mass (Yu et al, 2020). This equilibrium 

can be perturbed in pathological conditions or when the cellular homeostasis is impaired. During 

ageing, a remodulation in the mitochondrial dynamics occurs, leading to changes in mitochondrial 
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morphology and so elongated organelles, even if discrepancies in these observations are recurrent. 

Mitochondrial content was evaluated in young (8 months) versus old (24 months) mice in which 

ageing showed atrophic profile, and no changes in quantitative mass parameters were visible 

between the two cohorts. On the other hand, evaluations of the mitochondrial morphology through 

the electron microscopy (EM) technique revealed larger mitochondria with complex shapes in old 

animals, indicative of major fusion processes, but not sustained by changes in pro-fusion and pro-

fission proteins (Leduc-Gaudet et al, 2015). Augmented mitochondrial volume was confirmed in old 

mice compared to young, accompanied by a changed orientation of mitochondria from a 

longitudinal towards a transverse orientation (which looked alike smaller fragmented 

mitochondria), with a decrease in pro-fusion proteins but no changes in Drp1 levels (del Campo et 

al, 2018). The constancy in Drp1 expression during ageing is explained by knockdown and 

overexpression experiments on old mice, demonstrating in both cases atrophic muscles and a 

decreased mitochondrial quality (Dulac et al, 2021). Physiologically, a reduced mitochondrial fusion 

machinery is linked to age-related sarcopenia and atrophy, demonstrated in Mfn2 deficient mice, in 

which age-induced mitochondrial dysfunction was enhanced and number of mitochondria reduced 

but with a wider volume, accompanied by a reduction in the autophagic pathway (Sebastian et al, 

2016). In rats it was demonstrated that giant mitochondria accumulate during ageing, with low inner 

membrane potential and low levels of OPA1, but no changes in Mfn2, in an impoverished autophagic 

scenario (Navratil et al, 2008). However, it was even reported upregulation of both pro-fusion and 

pro-fission proteins in old rats together with a diminished mitochondrial content (Koltai et al, 2012). 

Among the mitochondrial quality control systems, mitochondrial turnover covers a relevant role in 

parallel with mitochondrial dynamics pathways: degradation of dysfunctional or unnecessary 

mitochondria through a mitochondrial-specific autophagic flux, called mitophagy; generation of 

new organelles promoted by biogenesis. These two processes are well coordinated to maintain a 

constant amount of functional mitochondria that correctly supply energetic demands within the 

cell. Mitophagy is found strictly connected with fission phenomena as previously mentioned: a 

fragmented (small) mitochondrion becomes easily encapsulated in a double membrane system to 

form an autophagosome delivered to a proximal lysosome. The primary pathways involved in this 

process are the PTEN-induced putative kinase 1 (PINK1)/Parkin pathway and mitophagy receptors 

exposed in the OMM, as a result of loss in mitochondrial membrane potential. Accumulation of 

PINK1 in the outer membrane promotes the recruitment of the E3 ubiquitin ligase Parkin, which in 

turn ubiquitinates numerous proteins found on the surface of the OMM. This leads to recruitment 
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of the autophagosome machinery and sequestration of the mitochondria. Other receptors exposed 

in the OMM (BNIP3 and FUNDC1) directly tether the mitochondrion to the autophagosome 

membrane via their interaction with the active lipidated LC3B factor and p62 to facilitate its 

clearance. 

Autophagy is essential for the maintenance of muscle mass, as demonstrated in Atg7 (a crucial 

factor in autophagy) null muscles. Accumulation of abnormal mitochondria and disorganization of 

sarcomeres lead to a loss of mass and force production, exacerbated with denervation (Masiero et 

al, 2009). Without provoking the denervation, inhibition of autophagy (Atg7 null mice) shows major 

impact on neuromuscular synaptic function and structure (Carnio et al, 2014), which seems to be 

restored by reactivating autophagic flux through Beclin-1 induction (Baraldo et al, 2020). On the 

contrary, excessive fission events lead to augmented autophagy which precede muscle atrophy in 

denervated animals (Romanello et al, 2010), as demonstrated in old (35 months) denervated rats 

which show greater levels of autophagy-related machinery factors Atg7, p62 and Parkin (O’Leary et 

al, 2013). However, in non pathological aged muscles, autophagy proteins are downregulated, 

causing alteration in mitochondrial turnover. AMPK, a key player in autophagy, is mostly found 

diminished in its activation in elderly skeletal muscles. Specific muscle deletion of AMPK causes an 

increase in mitochondrial size along with a significant decline in mtDNA copy numbers. Together 

with these observations, accumulations of p62 and Parkin proteins were seen, thus indicating a link 

between AMPK and mitophagy in ageing muscle. In addition, the ratio of LC3B-II to LC3B-I was 

increased in old mutated mice (Bujak et al, 2015).  

AMPK (5’ AMP-activated protein kinase) is a focal factor in sensing energetic levels within the cell. 

It is a cellular kinase able to sense low ATP availability and mediate metabolic adaptations in 

response to energy stress. ATP depletion shifts the AMP/ATP ratio in favour of AMP that can now 

be able to bind effectively the γ-subunit of AMPK. This leads to an increase in phosphorylation at 

Thr-172 residue and subsequent augment in activity. Once activated, AMPK inhibits the anabolic 

pathways by blunting energy-consuming processes such as protein and lipid synthesis and, in 

parallel, it stimulates catabolism by switching on the energy-producing pathways such as glucose 

transport and lipid oxidation for the conservation/restoration of ATP. A growing body of evidence 

indicates that the activation of AMPK results in signalling events that promote an increase in protein 

degradation, associated with an increase in the expression of Atrogin-1 and MuRF1 via a FoxO-

dependent mechanism. The increase in AMPK activity is triggered by the expression of pro-fission 
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proteins (Romanello et al, 2010), promoting mitochondrial fragmentation (prior to autophagy) 

through phosphorylation of a specific Drp1 receptor, which recruits high amounts of Drp1 on the 

mitochondrial surface (Herzig and Shaw, 2017). AMPK is moreover involved in mitochondrial 

homeostasis through direct stimulation of mitochondrial biogenesis, the opposite process to 

mitophagy, useful to re-establish a rich organelle network in response to increased energy 

expenditure. Highly induced by exercise, this process can be molecularly promoted by AMPK hyper 

activation, which in turn increases PGC1α expression (Garcia-Roves et al, 2008).  

The peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α) is a regulatory 

transcription factor involved in the promotion of oxidative metabolism and master regulator of 

mitochondrial biogenesis and fitness. It is regulated by several post-translational modifications 

(among which AMPK-mediated phosphorylation and SIRT1 deacetylation, a NAD+-dependent 

protein deacetylase enzyme whose activation can attenuate age-related metabolic disorders), and 

it modulates itself the activity of several nuclear transcription factors. Regarding external stimuli, 

exercise greatly stimulates PGC1α activation through its translocation from the cytosol to the 

nucleus and within mitochondria where it can modulate the expression of important genes 

necessary for the metabolic adaptations of skeletal muscle. This subcellular relocalization, 

furthermore, helps nuclear and mitochondrial crosstalk to promote mitochondrial biogenesis and 

regulation of the expression of mitochondrial proteins required for ATP synthesis. PGC1α is also 

involved in the regulation of skeletal muscle mass: its overexpression prevents transcription of 

FoxO3 and downstream degradative pathways via AMPK (Cannavino et al, 2015, Gill et al, 2019). 

With ageing a downregulation of PGC1α is visible and may also contribute to skeletal muscle atrophy 

and the destabilization of the NMJ (Gouspillou et al, 2013). On the contrary, its overexpression 

preserves NMJ structure in aged muscles (Wenz et al, 2009), therefore recognizing a prominent role 

in the maintenance of NMJ.  

Regarding the beneficial effects on NMJ, it is well known that PGC1α is a transcription regulator of 

synaptic genes in an activity-dependent manner. Neuregulin-stimulated phosphorylation of PGC1α 

allows its recruitment and transcription of a broad neuromuscular junction gene program 

(Handschin et al, 2007). In a fascinating study about sarcopenia, a negative age-related correlation 

among mitochondrial energy metabolism proteins and neuromuscular junction proteins was visible 

through proteomic analyses of rats aged 6, 12, 18, 21, 24, and 27 months, where the sarcopenic 

profile was visible at the 21st month, with loss of muscle mass, depletion of mitochondrial functional 
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proteins, deterioration of NMJ-related pathways (as denervation phenomena and postsynaptic 

remodelling, Ibebunjo et al, 2013). Mitochondrial impairments show their detrimental effects at the 

NMJ starting from the axon, in which mitochondrial mass is significantly reduced and even lost in 

35% of terminal axons in elderly post-mortem subjects, with a reduced mtDNA copy number and 

smaller cell bodies suggesting mitochondrial deficiency-driven atrophy (Rygiel et al, 2014). This 

could be causative of a lack of efficient reinnervation. In aged rats, it was demonstrated a 

morphological change in the majority of mitochondria at the axon terminal (but not detected in cell 

bodies), with swollen and larger conformations and ruined membranes (Garcia et al, 2013). A “dying 

back” phenomenon is thus visible in aged axons in which dysfunctional mitochondria, accumulated 

by an impaired fusion and thus forming fragmented dysfunctional organelles, promote apoptotic 

signals guided until the cell body, promoting thus nerve cell death. 

Because of its involvement in the energetic metabolism of muscle fibers, mitochondria are 

responsible for the 85-90% of the oxygen consumption in humans, required for an efficient 

mitochondrial respiration and utilized thus in the final steps of the electron transport chain (ETC), 

relevant to be the main source of ATP in mammalian cells (Taylor, 2008). In all stages of the ETC, a 

small amount of the electrons that flow through the respiratory chain leaks prematurely and causes 

one-electron reduction of oxygen, producing a relatively stable free radical, the superoxide anion 

(O2-). This molecule is part of the so-called reactive oxygen species (ROS), physiologically produced 

by functional mitochondrial metabolism. Chemically, these oxygen-free radicals are molecules 

containing one or more unpaired electrons in atomic or molecular orbitals, which render them 

particularly reactive. In healthy conditions, mitochondria are able to keep the concentration of free 

radicals under control, through the balance between their rate of production and their 

neutralization mediated by a network of antioxidant mechanisms, in order to reduce any risk of 

oxidative damage. During exercise, for example, the production of ROS significantly increases due 

to higher energy demand and thus augmented ETC activity, but the preservation of cell homeostasis 

is promoted through neutralization of these and maintenance of a functional activity of the cell. 

During ageing, oxidative stress increases (Dobrowolny et al, 2021) and the uncontrolled levels of 

ROS can be attributable to lower expression/activity of antioxidant enzymes caused by reduced 

NRF2 redox sensor levels. In fact, inhibition of NRF2 leads to premature senescence (Matsumaru 

and Motohashi, 2021) and NRF2 deficiency in aged mice causes an exacerbated sarcopenic profile 

(decreased mitochondrial biogenesis and fusion dynamics, with less mitochondrial content, Huang 

et al, 2019; increased AMPK levels and ROS signals, causative of an excessive autophagy, Huang et 
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al, 2020). For these reasons, nowadays one of the main transgenic mouse models used for the study 

of sarcopenia are mice lacking the antioxidant enzyme Cu/Zn SOD (Sod1−/− mice). This transgenic 

line is characterized by a relatively shorten lifespan compared to wild-type littermates and lots of 

features resembling sarcopenia: decline in muscle mass and function, a reduced nerve conduction, 

decline in the number of motor units, partial denervation, degeneration of NMJs and increased 

muscle mitochondrial ROS generation accompanied by mitochondrial dysfunction (Deepa et al, 

2017). 

Another critical pattern through which ROS can be produced is caused by the uncoupling proteins 

(UCP) activity: it is known that under cachectic conditions (pathological muscle mass loss), UCP 

complexes augment in the mitochondrial membranes leading to the entry of uncoupled (not linked 

to the ETC) protons within the mitochondrial matrix, increasing thus H+ concentration and the risk 

of reacting with oxygen to produce high levels of ROS (Riuzzi et al, 2018). 

At the level of NMJ stability, age-related mitochondrial instability promotes high levels of ROS, which 

inevitably damage the presynaptic components and cross through the axon until the cell body, 

according to the “dying back” theory (Pollari et al, 2014). NMJ impairments were shown in UCP-1 

overexpressing mice, in which an age-dependent deterioration of the junction was correlated with 

progressive denervation. Moreover, NMJ recovery was profoundly delayed following sciatic nerve 

injury, and mitochondrial uncoupling was highly exacerbated (Dupuis et al, 2009). 

Notwithstanding, ROS are well recognized for playing a dual role since they can be either harmful 

(oxidative stress, Schicchitano et al, 2018) or beneficial (defence against infectious agents or 

promotors of signalling paths, Zhang et al, 2016) to living systems. 

Altogether, these findings suggest a prominent role of mitochondria in NMJ detrimental outcomes 

during ageing, correlating those with sarcopenia, even if the pathways involved are very intricate 

and complex to extrapolate and clarify.  

1.4 Age-related muscle mass maintenance pathways adaptation 

Being defined as a resultant of loss of muscle mass and force, sarcopenia is characterized by 

impairments in molecular signals that are physiologically tightly regulated in order to maintain a 

functional cell homeostasis. Primary signals of ageing in muscle fibers are represented by muscle 

atrophy and concomitant shift of fibers towards a more oxidative phenotype. Then, an unbalanced 
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metabolism is often assessed, due to loss of equilibrium among anabolic and catabolic pathways 

which regulate the turnover of organelles or proteins/enzymes within the cell (Figure 4). 

 

Figure 4. Schematic representation of molecular determinants of muscle protein synthesis (MPS) and 
breakdown (MPB). The balance between muscle hypertrophy and atrophy depends on whether 
anabolism prevails on catabolism or vice versa. When anabolic pathways are elicited, insulin-like 
growth factor (IGF)-1 leads to increased phosphatidylinositol 3-kinase (PI3K), which promotes Akt 
phosphorylation and the activation of the downstream Akt/mTOR/S6 axis, leading to an increased 
protein synthesis. Akt also phosphorylates the forkhead (FoxO) transcription factor, preventing it from 
entering the nucleus to promote expression of atrogenes, thereby blocking protein degradation. When 
catabolism is promoted, the opposite pathway happens, but additionally, decreased Akt leads to 
increased caspase-3 activity, further promoting degradation. During inflammation, it is thought that 
tumour necrosis factor (TNF)-α and other inflammatory cytokines phosphorylate the inhibitor of nuclear 
factor (NF)-κB (IκB), to leave NF-κB free to enter the nucleus and promote MuRF-1 expression and, 
ultimately, muscle protein degradation. From Rajan and Mitch, 2008. 

Muscle protein synthesis (MPS) is formed by an intricate network of factors that either interact 

among each other to promote anabolic pathways and inhibit factors and molecules involved in 

muscle protein breakdown (MPB), and vice versa. The main actor that orchestrates these two 

opposite events is the protein kinase B (Akt). Upon activation through phosphorylation, it is involved 
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in a complex axis that leads to two different endpoints: through the insulin/IGF1/PI3K pathway, it is 

able to increase protein synthesis via activating the downstream mechanistic target of rapamycin 

complex 1 (mTORC1) signalling. Simultaneously, Akt blocks FoxO transcription factors via 

phosphorylation and subsequent reduction of protein degradation, in a general activation of a 

hypertrophic signalling within the muscle. mTORC1 is found in its inactive form on the cytoplasm, 

while once activated it is critically localized on the surface of lysosomes. Different downstream 

targets are under mTORC1 control: one of the effectors is the 70-kDa ribosomal protein S6 kinase 

(p70S6K), a kinase involved in the phosphorylation of the ribosomal protein S6 to promote 

transcription of a subset of genes involved in protein synthesis. The other mTORC1 effector is the 

eukaryotic initiation factor 4E binding protein (4E-BP1). This protein binds and inactivates the 

eukaryotic translation initiation factor eIF4E; once 4E-BP1 is phosphorylated by mTORC1, it 

dissociates from eIF4E which is now able to start the translation process. 

mTOR is becoming a focal factor for the NMJ maintenance (Castets et al, 2020). Even if it is not 

locally found in proximity of the NMJ, some direct targets are, like 4E-BP1 and S6 kinases. mTORC1 

activity is also strongly regulated by innervation status, with experimental denervation potently 

stimulating mTORC1 activity in fast-type mouse skeletal muscle fibers, and highly expressed 

following prolonged denervation (Tintignac et al, 2015). Muscle-specific mTOR deficient 

(mTORmKO) mice show a prominent denervation profile, while Raptor depletion (a regulator of 

mTOR stability) increases again the proportion of denervated fibers and the fragmentation of the 

motor endplate (Baraldo et al, 2020). 

During ageing, the anabolic pathway is generally downregulated (Kim and Hwang, 2020) compared 

to young mice, and a parallel increase in proteolytic pathways decree muscle atrophy and loss of 

force. However, in a captivating longitudinal study in which rat muscles were evaluated in their mass 

and protein synthesis patterns, from 1 to 24 months, a significant decrease in muscle mass was not 

accompanied by a decrease in protein synthesis factor, but on the contrary eIF2B activity, relative 

eIF2 expression, and S6K1 phosphorylation all increased, speculating a model wherein protein 

synthesis is enhanced during ageing in a futile attempt to maintain muscle mass (Kimball et al, 2004, 

Joseph et al, 2019). Similarly, Sandri and colleagues demonstrated in old humans and mice that the 

IGF1/Akt pathway is not downregulated during ageing, and neither FoxO and proteolytic systems 

were upregulated (Sandri et al, 2013). Only the increased phosphorylation of the ribosomal protein 

S6, indicative of increased activation of mTORC1, was found in aged mice. But either overexpression 
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of Akt and inactivation of Atrogin-1 (proteolytic factor) separately are causative of muscle pathology 

and a reduced lifespan. Studies and observations in elderly humans moreover focus on the decrease 

in habitual physical activity and protein ingestion as causes for a decreased protein synthesis, which 

can induce anabolic resistance phenomena due to lower substrate presence. Recovery from 

immobilization (bed-rest) followed by essential amino acid ingestion results in muscle mass loss due 

to a highly blunted anabolic machinery in elderly subjects compared to young (Tanner et al, 2015), 

even assessed after exercise training (Francaux et al, 2016). Other authors by the way speculate 

about no variations in the protein synthesis rate in elderly versus young subjects (Volpi et al, 2001). 

Another factor which decreases during ageing is the circulating IGF1, due to an increased insulin 

resistance occurring over the years (Huffman et al, 2016). IGF1 triggers the activation of the 

IGF1/Akt/mTOR pathway so any decrease in its concentration can interfere with the correct 

activation of this anabolic axis.  So in conclusion, the study and framing of specific trends in the 

anabolic pathway during ageing seems complicated and does not return a plain pattern of events 

which can be indicative of muscle mass loss. Surely, an impairment at different levels of these 

signalling molecules occurs, in parallel with changes in proteolytic pathways (Anisimova et al, 2018). 

A correct protein synthesis is always matched with functional protein folding, promoted by a family 

of enzymes (chaperones) recruited in normal conditions but highly enhanced under stress 

conditions (oxidative stress and cellular damage). Misfolded and/or non-functional proteins 

physiologically undergo rapid degradation to prevent the accumulation of damaged molecules 

within cells that could then hinder the proper functioning of the fibers, and replace those with newly 

synthesized proteins. But when the cell undergoes stress, it can happen that these scavenging 

pathways are nomore efficient to counteract the accumulation of damaged residues within the cell, 

leading to reduced health of the cell and activation of stress-driven mechanisms that can lead to 

massive atrophy and eventually apoptosis. Among the proteolytic pathways activated within the 

cell, a major role is covered by the ubiquitin-proteasome system (UPS). 

UPS accomplishes selective protein degradation via labeling of a specific substrate with a 

polyubiquitin chain, which can then be quickly ferried to the 26S proteasome. The proteasome is an 

ATP-dependent protease complex formed by a macromolecular scaffold of different protein 

subunits: a catalytic core known as 20S proteasome is organized in a way to create a pore in which 

proteolytic enzymes are exposed within. Two regulatory caps, the so-called 19S regulatory particles, 

are associated in both extremities of the main structure and serve as recognition and attachment 
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site for polyubiquitinated proteins. Once degraded, reusable ubiquitin monomers are released. 

Three enzymes cooperate in the primary polyubiquitination step in a series of catalytic reactions 

mediated by the E1 (ubiquitin activating), E2 (ubiquitin conjugating), and E3 (ubiquitin ligase) 

enzymes. E2-E3 complex is the catalytically active ubiquitin ligase that shows specific substrate 

recognition function. Once the first ubiquitin is transferred into residue Lys-48 of the target protein, 

a covalent tandem linkage of additional ubiquitin molecules occurs in order to deliver the selected 

protein to the proteasome. 

Many catabolic conditions correspond to an increase in the expression of a number of E3 ligases, 

some of which broadly exist in different cell types and others exclusively expressed into the skeletal 

muscle. Two muscle-specific E3 ubiquitin ligases that are part of the atrogenes family controlled by 

FoxO transcription factor, namely Muscle RING Finger 1 (MuRF1) and Muscle Atrophy F-box 

(MAFbx)/Atrogin-1, are studied in their expression levels during various states of muscle catabolism 

and atrophy (Bodine and Baehr, 2014). In its Akt-dependent phosphorylated state, FoxO remains 

confined to the cytosol but in the absence of the active Akt, FoxO translocates to the nucleus where 

it can exert transcription of atrogenes necessary for the production of ubiquitin ligases, and its 

activation is sufficient to increase protein degradation and promote net protein loss. It is good to 

know that muscle Akt phosphorylation could be reduced during short-term energy deficit, fasting 

and ageing, with a concomitant reduction in muscle protein synthesis, which likely activates FoxO 

and thus upregulates Atrogin-1 and MuRF1. In atrophying muscles, the ubiquitin-proteasome 

system is found widely increased and controls the half-life of sarcomeric proteins: the selective 

inhibition of proteasomal-dependent degradation has been described to reduce muscle atrophy 

(Sandri M, 2010). Moreover, knockout mice lacking Atrogin-1 and MuRF1 are largely resistant to 

muscle atrophy induced by denervation (Sandri et al, 2013). Conversely, a study evaluating Atrogin-

1 and MuRF1 expression in old mice identified no age-related differences in mRNA expression of 

the two atrogenes (Gaugler et al, 2011). The same situation was found in elderly human subjects, 

where levels of E3 ubiquitin ligases did not show any change (Gumucio et al, 2013). In conclusion, 

even in this case as for the anabolic pathway, it is difficult to outline a trend in the expression of 

Atrogin-1 and MuRF1 in older subjects, even if the UPS is found strictly correlated with atrophic 

outcomes. 

Another catabolic mechanism within the cell, that promotes clearance and functional maintenance 

of the cells, is represented by the autophagic flux, previously explained as regards of the 
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mitochondria (going through mitophagy). This process of organelles’ clearance is highly conserved 

through the species and allows the removal of all damaged/dysfunctional organelles or protein 

complexes interspersed in the cytoplasm. An impaired autophagic system causes the accumulation 

of abnormal organelles and toxic proteins that lead to myofiber degeneration, with the outcome of 

atrophy. Of course, at the level of the NMJ, an altered age-related autophagic flux leads to 

accumulation of damaged elements which hamper the normal function of the synapse (Carnio et al, 

2014, Khan et al, 2014). 

Taken together, all these pathways physiologically involved in the maintenance of the cellular 

homeostasis show a dynamic equilibrium among opposite pathways which crosstalk among each 

other, in an intricate and complex network, sometimes difficult to clarify. Ageing and age-related 

sarcopenia are generally promoters of an impairment in these patterns, and the degree of 

involvement of one or more signalling pathways is certainly influenced by multiple factors. Up to 

now, being such multifactorial and variegate in severity and symptoms, there is no specific 

pharmacological treatment available for sarcopenia. The most successful therapeutic intervention 

to mitigate or slow down age-related sarcopenia is based on lifestyle adaptations. They basically 

include beneficial changes in caloric intake and dietary regimen combined with physical exercise 

based on aerobic training (recently reviewed in Pascual-Fernandez et al, 2020). 
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2. NITRATES 

In the last few decades, the literature has shown a consistent growing interest regarding the 

metabolism of NO (nitric oxide) and its effects, especially within the skeletal muscle tissue. Being a 

widespread signalling molecule, it has been widely studied for its role as a novel messenger of 

biological processes, ranging from vascular control to tissue inflammation and mitochondrial 

metabolism. 

NO and its derivatives could be endogenously synthesized by following two different pathways: the 

enzymatic and non-enzymatic pathway. The latter path involves production of NO from nitrite via 

multiple pathways, particularly under acidic conditions and mainly occurs in tissues (Zweier et al, 

1995). The former pathway occurs within cells of our organism through specialized enzymes called 

nitric oxide synthases (NOSs, Figure 5). 

2.1 Endogenous synthesis of NO 

Substrates of these enzymes are body proteins stored in our organism or amino acids supplemented 

by the diet. Their catalytic activity is based on the oxidation of the guanidinium nitrogen residue of 

the amino acid L-arginine which is converted to L-citrulline. This reaction releases reactive NO as a 

free radical (Wu and Morris, 1998) which thus can give birth to a variety of NO-related molecules 

including S-nitrosothiol (SNOs), metal NO complexes and higher oxides of nitrogen (NOx), including 

peroxynitrite (ONOO-) and nitrogen dioxide (NO2). 

Three NOS isoforms are known, resulting from the encoding of three different genes and named 

after the cells or systems from which they were originally discovered and are thus designated 

neuronal (n)NOS (NOS1), Ca2+/calmodulin-independent or “inducible” (i)NOS (NOS2), and 

endothelial (e)NOS (NOS3). They share a similar structure with about 60% of sequence identity and 

are only active as dimers. A very complete and exhaustive review from 2001 describes the 

expression of NOSs relative to different species and diverse muscles that compose the body (Stamler 

and Meissner, 2001). A fourth isoform, namely mitochondrial NOS (mtNOS) has been recently 

demonstrated to be expressed at the inner membrane of mitochondria, but debate on this is still 

open (Carreras et al, 2007). 
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Figure 5. Nitric oxide synthesis and endogenous enzymes involved. a) Synthesis of nitric oxide. b) Nitric 
oxide synthase (NOS) isoforms: neuronal (NOS1/nNOS), inducible (NOS2/iNOS), and endothelial 
(NOS3/eNOS) isoforms catalyse the process of NO generation in the presence of cofactors via oxidation 
of L-arginine to L-citrulline. From Mishra et al, 2020. 

nNOS and eNOS are constitutively expressed within the muscle fiber and are regulated by 

intracellular Ca2+/calmodulin interaction, while the inducible isoform is not sensitive to these factors 

but seems to be transcriptionally controlled following inflammatory responses. Their activity is 

maintained at low rates under resting conditions while functional stimuli and the activity of the 

muscle promote an increase in NO production, as demonstrated by different research groups when 

performing in vivo electrical stimulation of Tibialis Anterior and EDL muscles of rabbits (Reiser et al, 

1997) or in vitro cyclic stretching of myotubes (Tidball et al, 1998), assessing nNOS activity. In 

addition to previous regulations, all of the isoforms are regulated by post-translational 

modifications which determine their activity. They are even regulated by cytokines and sensitive to 

hypoxia. NO covers a fundamental role in cellular oxygen sensing at the cellular and systematic level, 

participating in O2 homeostasis and modulating the hypoxia-inducible factor (HIF-1α), notoriously 

involved in the promotion of cellular survival under conditions of impaired oxygen supply. One of 

the pathways through which NO regulates its stability is its S-nitrosylation. On the other hand, O2 

homeostasis maintained by NO activity is itself a key player in NO synthesis, modulating the 

enzymatic activity of NOSs (Jeffrey Man et al, 2014). 
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nNOS is ubiquitously expressed, with its main expression in central and peripheral neurons. In 1996, 

Silvagno and colleagues showed that alternative splicing returns a functional enzyme containing a 

34-amino acid insertion in mature skeletal muscle and heart, namely nNOS-mu. The structural 

arrangement in its N-term domain allows the formation of the functional PDZ domain, act to the 

interaction with the dystrophin complex through spectrin-like repeats 16 and 17 (R16/17) and the 

α1-syntrophin PDZ domain (Patel et al, 2018) and with postsynaptic density proteins (PSD93 and 

PSD95, Murciano-Calles et al, 2020) at the level of synaptic membranes. Syntrophins are even 

directly involved in the colocalization of utrophin and nNOS-mu at the level of the neuromuscular 

junction (NMJ), being a key component of the dystrophin protein complex scaffold that functions to 

stabilize AChR clusters (Adams et al, 2010). Absence of α1-syntrophin at the postsynaptic scaffold 

results in structurally aberrant NMJs with reduced levels of AChR clustered at the motor end plate, 

in favour of a spatial misallocation in small spikes, and a missing nNOS-mu expression on the 

sarcolemma and NMJ, although still present in the cytosol. Under pathological conditions (i.e. 

dystrophies such as the Duchenne Muscular Dystrophy, DMD), the absence of dystrophin causes 

loss of nNOS at the level of NMJ and in general in the sarcolemma, resulting in decreased activity. 

The subsequent decrease in endogenous NO production results detrimental to diseased muscles 

due to NO involvement in muscle metabolism, function and mass (enucleated later), blood flow and 

glycolytic rate. The latter one occurs through the interaction of nNOS with phosphofructokinase 

(PFK), a regulatory enzyme of glycolysis, which is down-activated in dystrophic mice, explaining 

muscle fatigability and glycolytic impairments (Timpani et al, 2017). 

In rodents, nNOS immunostaining experiments supported by biochemical approaches demonstrate 

a higher NOS activity in muscles enriched in type II (EDL, Gastrocnemius and Plantaris) than type I 

(Soleus) fibers (Kobzik et al, 1994), while in humans this distinction is not so evident, meaning that 

nNOS expression is about equal in the two types of fibers. However, nNOS location at the NMJs was 

not related to skeletal muscle fiber type, as experiments demonstrate nNOS activity highly present 

in either rat EDL and Soleus end plates (Kusner and Kaminski, 1996). It covers a wide range of 

functions, including synaptic plasticity in the central nervous system (CNS), central regulation of 

blood pressure, smooth muscle relaxation, and vasodilatation. Its expression is increased by injuries, 

muscle activity and chronic exercise whereas it decreases during ageing due to denervation. 

Denervation of rat sciatic nerve decreases nNOS and iNOS reactivity after 15 days, with a complete 

loss after 30 days from denervation (Tews et al, 1997). Modulatory effects of nNOS are then 
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promoted by post-translational modifications such as phosphorylation at Ser-847 (with an inhibitory 

effect) and 1412 (which promotes its activity, Rameau et al, 2007). 

iNOS transcripts are found at very low levels in rodents’ skeletal muscles and its activity varies 

depending on disease state and the species investigated. As nNOS, it was reported that iNOS 

coimmunoprecipitates with the sarcolemmal caveolae membrane protein caveolin-3 (Gath et al, 

1999), a muscle-specific member of the caveolin family, thus giving a further proof of their 

sarcolemmal localization. Caveolin-3 is also expressed at the neuromuscular junction (Carlson et al, 

2003) and it was reported to be involved in the clustering and thus the activity of the AChRs (Hezel 

et al, 2010). It has been found highly increased in skeletal muscle cells of patients with chronic heart 

failure but it is more generally expressed in response to autoimmune inflammation and high 

inflammatory cytokines persistence, contributing to the pathophysiology of inflammatory diseases 

(Zamora et al, 2000). 

eNOS expression is widely found in endothelial cells of vessels and microvessels, but it was 

demonstrated a muscular localization due to its interaction with the caveolae structural protein 

Caveolin-1. Found at very low expression levels in muscles, immunolocalization studies showed its 

colocalization with mitochondrial markers in a subset of fibers within muscles of different 

phenotypes (Kobzik et al, 1995). It exerts its activity following dimerization, as a resultant of a kinase 

activity that phosphorylates Ser-1177. It is involved in the maintenance of blood vessels dilatation, 

control of blood pressure and other vasoprotective effects. It is upregulated by chronic exercise due 

to continuous stimulation of the contractile apparatus. 

Skeletal muscle is highly enriched with NOSs enzymes and given the fact that muscle is recognized 

as an amino acid reservoir in the body, the high availability of arginine is a thriving substrate for NOS 

activity and therefore production of NO. Their activity depends on age and developmental stage, 

innervation, muscle contractility and fiber composition, cytokines interaction and exposure to 

growth factors. Moreover, the fact that their localization is mostly confined and anchored to the 

NMJ architectural scaffold, depicts their functionality as strictly activity-dependent, producing so 

NO as a signalling molecule under functional stimuli at basal low concentrations. 

2.2 Exogenous uptake of NO 

NO and its derivatives may also be supplemented exogenously through a targeted nitrate dietary, a 

growing field of interest as a sports nutrition supplement. Inorganic nitrate is abundant in green 
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leafy vegetables and roots such as lettuce, spinach, rocket, celery, cress, and beetroot, which 

typically contain over 250 mg (>4 mmol) of nitrate per 100 g fresh weight (Lundberg et al, 2009). 

Nitrate from the diet is rapidly assimilated into the plasma following the bloodstream and rapidly 

expelled. Only a small percentage (about 25%) of nitrate in circulation is actively taken up by the 

salivary glands, leading to a significant increase in its concentration in the saliva. Subsequently, 

commensal facultative anaerobic bacteria located at the dorsal surface of the tongue catalyse 

nitrate to nitrite by the activity of nitrate reductase enzymes (Govoni et al, 2008). These bacteria 

use nitrate and nitrite as final electron acceptors in their respiration and meanwhile help the host 

to convert nitrate to NO as the first step (NO3--NO2--NO pathway). Because of the arising interest on 

this pathway, a lot of studies are now focusing on the effects of mouthwash formulations and their 

outcomes in the processing of nitrate/nitrite in the oral cavity (Woessner et al, 2016). Part of the 

processed nitrite is reduced to NO in the acidic environment of the stomach, but a substantial 

portion of it enters the systemic circulation, elevating the plasma nitrite concentration. Following 

bolus nitrate ingestion, plasma nitrate concentration peaks after 1-2 hours and plasma nitrite 

concentration peaks after 2-3 hours, after which both gradually fall, arriving back at baseline values 

after about 24 hours (Webb et al, 2008). A variety of enzymes and proteins can subsequently 

catalyse the one-electron reduction of nitrite to NO in blood and other tissues. This process is 

facilitated under low oxygen availability conditions (ischemia and hypoxia) and low pH, enabling NO 

to be produced where it is most required, due to the fact that NOS activity is oxygen dependent and 

thus may decrease in its functionality. Interestingly, these conditions (low partial pressure oxygen 

and pH) may exist in skeletal muscle during exercise (Lemieux and Birot, 2021). 

In rodents and in humans, skeletal muscle serves as a nitrate reservoir with nitrate levels greatly 

exceeding those in blood or other internal organs, augmented more by dietary nitrate ingestion. 

Following the same baseline nitrate diet, some muscle groups store nitrates at concentrations 

higher than the blood (as for example Gluteus, Soleus and Gastrocnemius) and some do not (as EDL 

and TA), as widely demonstrated in rat skeletal muscles (Park et al, 2021). This difference in nitrate 

concentration could depend either by different request and local consumption and by different 

expression of proteins involved in its transport. During high-intensity exercise, nitrate levels 

decrease due to its functional demand, only when there is a high concentration stored (Wylie et al, 

2019). This could be explained by the demonstration that muscle cells do not only have elevated 

activity rates of NOSs, but they also own a molecular apparatus for the transport, storage and 
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metabolism of nitrate. It has been recently demonstrated by Srihirun and colleagues that skeletal 

muscle fibres themselves possess an intracellular NO3--NO2--NO pathway (Figure 6). 

 

Figure 6. Schematic representation of NO3
--NO2

--NO pathway in human skeletal muscle cells. 
Different enzymes are recruited for the transport and metabolism of dietary nitrate/nitrite in the muscle 
fiber. From Srihirun et al, 2020. 

Experimental setups on cultured cells show increased uptake of exogenous nitrates following 

supplementation in both myoblasts and myotubes but increased nitrite levels only in myotubes. This 

was explained by the increased expression of factors (the molybdenum-containing proteins and 

nitrate and nitrite reductases) following the differentiation of myoblasts into myotubes. These 

factors include the mitochondrial amidoxime-reducing component (MARC1 and 2), aldehyde 

oxidase (AO) and among all the xanthine oxidoreductase (XOR). All these reductases have been 

demonstrated to work at high rates when environmental pH is lower than the physiological pH 7.4, 

markedly demonstrated following an exhaustive severe intensity exercise protocol, where muscle 

pH falls to 6.6 – 6.8 (Gilliard et al, 2018). Transporters responsible for NO3
- uptake into the skeletal 

muscle were identified in Sialin (SLC17A5) and chloride channel 1 (CLC-1): an intriguing experiment 

demonstrates how Sialin knockdown decreases nitrate uptake and hence nitrate concentration 

within the myoblasts. Sialin, together with XOR, have been demonstrated to be major players on 
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NO homeostasis due to an increase in their protein levels as a compensatory mechanism in mice 

lacking other proteins involved in nitrates’ muscle metabolism (in eNOS-deficient mice, Peleli et al, 

2016; in myoglobin-deficient mice, Park et al, 2019). 

Sialin receptor is a well-known sialic acid (SA)/H+ cotransporter which is more generally identified 

as an anion transporter, primarily identified in tissues as liver and salivary glands. Due to its 

structural nature, several anions that could interact with the receptor were investigated: chloride 

(Cl-) was the less interactive, while glutamate (Glu) and aspartate (Asp) displayed a higher 

membrane current in human salivary gland (HSG) tested cells at pH 4. Nevertheless, NO3- among all 

has shown a particular affinity with this receptor in a pH-dependent manner (lower pH displays 

higher membrane current), even if transporting anions represents itself an intracellular acidification 

of the environment (Qin et al, 2012). 

2.3 Bioactivity of NO and metabolic pathways 

Nitric oxide, as the smallest gaseous signalling molecule known, functions as a messenger molecule 

affecting numerous cellular processes through different molecular targets in different body districts. 

It has a short half-life (0.1-2.0 seconds) but its highly diffusible property allows to reach other cells 

and tissues in a short period of time (Thomas DD, 2015). Being a very reactive molecule, NO is 

present in low nanomolar concentrations and it is likely to be “made on demand” rather than stored, 

and rapidly converted into less reactive species (i.e. nitrate) upon storage. The activity of nitric oxide 

is mainly occurring through the activation of the soluble NO-sensitive guanylate cyclase (sGC) and 

increased formation of cyclic guanosine monophosphate (cGMP), which activates cGMP-dependent 

protein kinases. This NO–sGC–cGMP signalling pathway mediates many of the favourable effects 

that NO bioactivity systemically promotes, on cardiovascular, kidney and metabolic functions 

(schematized in Figure 7). 
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Figure 7. Nitric oxide biosynthesis, metabolism and bioactivity in the body system. Representative 
flow-chart resuming the systemic effects that are occurring in different compartments, in a cGMP-
dependent pathway, although cGMP-independent mechanisms have also been reported (Carlström M, 
2021). 

One of the major roles NO covers in the body function is the control of vascular tone and blood flow 

through the NO-dependent sGC-cGMP axis. The cGMP activates protein kinase G which leads to a 

cascade of signalling events leading to the activation of the myosin light-chain phosphatase (MLCP). 

This inhibitory modification eventually dephosphorylates myosin light chain and, along with a 

reduced intracellular Ca2+ levels, results in the relaxation of the smooth muscles and thus 

vasodilation (MacDonald and Walsh, 2018). This phenomenon is reversed by calcium release in the 

cytoplasm from the sarcoplasmic reticulum with concomitant activation of Ca2+/Calmodulin, a 

positive regulator of myosin light-chain kinase (MLCK), involved in phosphorylation of MLC and thus 

its activation and muscle contraction. The activity of cGMP is then rapidly terminated by 

phosphodiesterase 5 (PDE5), which hydrolyses active cGMP to inactive 5’-GMP. 

It covers an important task at the level of the brain by regulating the local blood flow and can be 

released postsinaptically as a retrograde neurotransmitter. It diffuses across the synaptic cleft up to 

the presynaptic nerve terminal, where it improves the release of the neurotransmitter glutamate 
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through the sGC-cGMP axis. This event is mainly associated to N-methyl-D-aspartate receptor 

(NMDAR) activation, involved in the physiological mechanism of learning and memory (Picon-Pages 

et al, 2019).  

NO regulates gene transcription and mRNA translation (by binding to iron-responsive elements) and 

produces post-translational modifications of proteins which can modulate their activity (for example 

histone post-translational modifications, S-nitrosylation of cysteine residues, ADP ribosylation of 

proteins, Mengel et al, 2013). The control of NO on protein translation is exerted through direct 

regulation of factors involved in protein synthesis. The mTOR (mammalian target of rapamycin) 

signalling pathway controls the anabolic metabolism by phosphorylating two downstream proteins: 

the eukaryotic initial factor 4E-binding protein 1 (4E-BP1) and the ribosomal p70S6 kinase 1 

(p70S6K). In vitro experiments demonstrate that dietary supplementation of L-Arg was protective 

against muscle wasting by increasing protein synthesis in an mTOR-dependent manner: both mTOR 

phosphorylation at Thr-2446 and p70S6K at Thr-389 increase in their levels following NO-donor 

supplementation in cell culture, and this effect was counteracted by L-NAME inhibitory effect on 

NOS activity (Wang et al, 2018). 

In addition to the improved synthetic pathway, nitric oxide acts as a signalling molecule to preserve 

mass and protect the muscles from excessive proteolysis. In stressing conditions, cytosolic calcium 

levels are increasing (i.e. during ageing), leading to the activation of Ca2+-dependent enzymes, 

including calpains. This family of proteases are involved in the cleavage of substrates at specific sites, 

so as to target the resultant small fragments to the ubiquitin/proteasome system. Their activity is 

controlled by different factors as calpastatin, which decreases during ageing promoting proteolysis 

of myofibrillar components and thus muscle weakness (Schroder et al, 2021). Moreover, ageing 

displays a decrease in NO content and its synthesis by lower NOS enzyme levels and thus loss of S-

nitrosylation, which decrees an increase in calpain-mediated myofibril degradation (Samengo et al, 

2012). NO, which covalently binds and modifies calpain through S-nitrosylation, is able to prevent 

its excessive activity.  

Another relevant role nitric oxide promotes within the cells is through a beneficial modulation of 

the mitochondrial metabolism, operating on various patterns. A NO-dependent cGMP activity 

directly stimulates mitochondrial biogenesis by the activation of PGC1α (Nisoli et al, 2003), a key 

transcription factor in mitochondrial biogenesis and general muscle metabolism. It has been 

demonstrated in L6 myotubes that cultured cells treated with NO-donors were able to induce 
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biogenesis of functional mitochondria through elevated AMPKα phosphorylation that cooperates 

with NO to upregulate PGC1α mRNA and protein levels (Lira et al, 2010). AMPKα moreover exerts 

its kinase activity on both endothelial and neuronal NOS, promoting their activation (Chen et al, 

2000) and thus regulating NO production. Another pathway through which NO stimulates 

mitochondrial biogenesis is represented by the sGC/cGMP-dependent activation of PKA (cyclic AMP-

dependent protein kinase) that promotes the phosphorylation of CREB1 (cAMP response element-

binding protein 1). This one, together with its coactivator TORC1 (transducer of regulated CREB 

binding protein 1, a well-known potent activator of PGC1α transcription) fosters increased mRNA 

levels of PGC1α and mitochondrial mass markers in primary mouse skeletal muscle cultures (Tengan 

et al, 2012, Piantadosi and Suliman, 2012). 

It is well established that SIRT1, a deacetylase member of the sirtuins family, is involved in 

mitochondrial biogenesis by means of its deacetylation-activating modification on factors previously 

mentioned (PGC1α, AMPK and CREB1). Nisoli and colleagues demonstrated that SIRT1 expression is 

regulated by NO. Treatments with NO donors augment SIRT1 and cGMP expression in cultured cells, 

while suppression of eNOS contrasts its increment, speculating that SIRT1 undergoes NOS-derived 

NO expression (Nisoli et al, 2005). On the other hand, a feedback mechanism exists in this reaction 

chain, by the regulatory activity of SIRT1 on eNOS due to deacetylation of Lys-496 and 506, involved 

in the calmodulin-binding domain of eNOS and thus its functional activation (Mattagajasingh et al, 

2007).  

cGMP was even found responsible to promote AMPKα activation, which inhibits acetyl-coenzyme A 

(CoA) carboxylase (ACC), a notorious regulator of the metabolism of fatty acids (FA). When in its 

active form, ACC catalyses the irreversible carboxylation of acetyl-CoA to produce malonyl-CoA, a 

building block for new fatty acid synthesis but on the other hand an inhibitor of the catabolic β-

oxidation of FA in the mitochondria (Glund et al, 2012). The positive regulation of AMPK driven by 

nitric oxide promotes thus the FA oxidation within the mitochondria, by mediating the expression 

of PPARβ/δ and PPARα transcript regulation on the induction of FA oxidation enzymes (Ashmore et 

al, 2015). Moreover, following NO-donor supplementation in L6 myotubes, mRNA levels of GLUT-4 

significantly increase through the cGMP-dependent AMPK activation, an effect completely ablated 

by cotreatment with AMPK inhibitor. Selective inhibition of nNOS hence confirms a reduction in 

GLUT-4 expression demonstrating the major importance of NO and its role in the activation of cGMP 
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and AMPK to enhance GLUT-4 expression (Lira et al, 2007). An increase in GLUT-4 translocation (the 

major glucose transporter in muscles) contributes to a better glucose uptake. 

Nitric oxide not merely acts on various metabolic parameters linked to the mitochondrial biogenesis 

and metabolism: functional improvements at the level of the mitochondrial respiratory chain were 

demonstrated. Low concentrations of NO reversibly inhibit the Cytochrome c oxidase (COX) (Sarti 

et al, 2012), thus decreasing its “slippage” phenomenon. Slippage is an uncoupling process that 

depends mainly on flux and contributes to a reduction in the biochemical coupling efficiency of ATP 

production, so by the reduction of this phenomenon, ATP synthesis capacity is maximised from the 

proton pumps activities and a beneficial reduction in energy waste occurs (Clerc et al, 2007). A study 

based on nitrate supplementation on healthy humans showed the decrease in expression of adenine 

nucleotide translocase (ANT), a protein involved in mitochondrial proton conductance. This event 

reduces leak respiration and improves the efficiency of oxidative phosphorylation. The amount of 

oxygen consumed per ATP produced (mitochondrial P/O ratio) was ameliorated following nitrate 

supplementation, demonstrating a reduction in proton leakage across the inner mitochondrial 

membrane (Larsen et al, 2011). Another study on healthy males demonstrates that nitrate 

supplementation reduces the ATP cost of muscle force production, an index of the coupling between 

ATP hydrolysis and muscle force production. A decreased ATP hydrolysis is indicative of a reduced 

muscle ATP turnover requirement, demonstrated by a reduced phosphocreatine (PCr) catalysis in 

treated subjects. This was explained by a NO-mediated inhibitory effect on Ca2+ cycling proteins 

(Ca2+ handling pumps in the sarcoplasmic reticulum, Ca2+-ATPase, SERCA) which then consume less 

ATP, ending up with an improved tolerance to high-intensity exercise (Bailey et al, 2010). 

However, some experimental observations demonstrated mild or even plain effects on the 

efficiency of mitochondrial respiration following inorganic nitrate supplementation either in mice 

and humans, in which no altered mitochondrial coupling efficiency (the relationship between 

mitochondrial respiration and ATP generation) was seen, together with unchanged expression of 

mitochondrial proteins involved in proton leak and uncoupling (Ntessalen et al, 2020).  

An improved functional efficiency promoted by NO is not only confined to the mitochondrial 

respiration, but even at the level of muscle contraction and functionality. In vitro studies on isolated 

diaphragms of 24-months old mice supplemented with 1mM NaNO3 for 14 days demonstrated a 

significant increase in contractile properties (i.e. the peak power and the maximal rate of isometric 

force development) that were independent by the phosphorylation rate of key myofibrillar proteins 
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and the amount of calcium handling proteins (Kumar et al, 2020). The diaphragm is mainly 

composed of fast-twitch fibers, even if with ageing a shift of type IIx/IIb fibers occurs in favour of 

type IIa (intermediate oxidative) fibers (Greising et al, 2013). Nitrate effects on skeletal muscle are 

more pronounced in fast-twitch fibers, due to a lower oxygen pressure that promotes nitrate and 

nitrite reduction and thus the promotion of its metabolism, so this is the main reason a functional 

effect of supplementation is seen in this muscle (Hernandez et al, 2012). But it is still uncertain the 

mechanism through which nitrates enhance diaphragm contraction. Moreover, 8-weeks 

supplementation of 0.6 mM NaNO3 in old mice (20-24-months old) has been shown to attenuate 

the decline in motor function (through grip strength and rota-rod endurance tests) compared to 

untreated old animals, and this ameliorated physical profile was accompanied by a reduction of 

inflammatory cytokines, markedly increased in elderly animals, which return to young reference 

levels after treatment, establishing a positive correlation between motor function and inflammation 

rate (Justice et al, 2015). 

Macroscopically, muscle function and so exercise tolerance has been demonstrated to ameliorate 

following nitrate supplementation in chronic heart failure (CHF) patients. NO supplementation 

lowers the systemic vascular resistance (as molecularly mentioned previously) and thus elevates the 

O2 delivery in the skeletal muscles. The resultant microvascular coupling between oxygen delivery 

and utilization in this highly demanded tissue is thus essential to support faster rates of oxidative 

phosphorylation at the level of mitochondria (Hirai et al, 2015). The beneficial effects of NO on 

exercise tolerance will be further discussed in Chapter 2.5. 

Motor function was even evaluated regarding NMJ stability and the activity nitric oxide has on it. As 

mentioned before, nNOS is widely enriched at the level of the postsynaptic side through α1-

syntrophin and the dystrophin-glycoprotein complex (DGC), contributing in its stability. Loss of 

expression of any of these DGC members leads to a reduction of NOS from the sarcolemma and 

defects in NMJ structure. Studies based on mdx mice (dystrophic mouse model, in which NOS 

localization and activity is lost) subjected to NOS implementation show important reduction in NMJ 

structure defects, with a major increase in the concentration of AChRα subunit and AChR density 

compared to normal mdx mice. However, NOS implementation in α and β1-syntrophin knockout 

mice causes accumulation of NOS in the cytoplasm, bringing no benefits for the AChR structural 

organization, demonstrating the importance of the anchored functional NOS to the DGC at the level 

of the NMJ (Shiao et al, 2004). 
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NO is also involved in the agrin signalling. NOS activity correlates with agrin-induced aggregation of 

AChRs through the sGC-cGMP-PKG (cGMP-dependent protein kinase) axis. During development, 

inhibition of those factors reduces receptors’ aggregation in cultured embryonic muscle cells, while 

their overexpression highly improves the organized areas of these aggregates (Godfrey et al, 2007). 

Moreover, NO elicits pathways for the maintenance of AChR aggregates by means of PKG (protein 

kinase G), found involved in the binding between actin and dystrophin, anchoring and stabilizing the 

AChR structural organization during maturation (Jones and Werle, 2004). The structural stability is 

also maintained by the family of src kinases, which activity is NO-mediated. Src are also responsible 

for the tyrosine phosphorylation of the β-subunit of AChR, the one supposed to interact directly 

with rapsyn and cytoskeletal elements, controlling the primarily stabilization of AChR clusters 

(Godfrey and Schwarte, 2003). Stability of the NMJ is even promoted by NO signalling at the level of 

the presynaptic side, in which it covers an important positive role in neuronal growth and synaptic 

remodelling after nerve injury (Cooke et al, 2013). 

2.4 Dose-dependent efficiency and toxic effects: nitrosative stress 

All the beneficial effects nitric oxide shows at the level of different districts are mostly occurring 

under physiological NO concentrations, through a controlled activity of both endogenous and 

exogenous NO metabolisms. NO needs to be tightly regulated in its intracellular concentrations to 

avoid pathophysiological outcomes namely oxidative stress (in the specificity of this case would be 

nitrosative stress, NSS) which, if not properly counteracted, can cause irreversible damage to cell 

components, altering their activity, leading to a pro-inflammatory scenario and eventually causing 

cell death. Dysfunctional endogenous production or an excessive nitrate intake for prolonged 

periods can thus create an oxidative stressed environment which promotes the formation and 

accumulation of the reactive nitrogen species (RNS). These detrimental effects were unfortunately 

evaluated following NO implementation on DMD patient-derived myotubes and mdx mice, in which 

muscle damage and nitrosative stress were exacerbated, returning to the aforementioned damaged 

scenario (Timpani et al, 2020). The authors accounted for this in the prolonged chronic treatment 

or mistaken dosage, which is nowadays still debated. The NO dosage to be administered has always 

been a point of discussion as in the past a carcinogenic effect has always been feared due to studies 

on cancer progression and the role NO covered in the chronic inflammatory processes and reactive 

species-induced cell damage and dysfunction (Tamir and Tannenbaum, 1996). 



48 
 

RNS are the resultant of an overproduction of secondary metabolites by the oxidation of nitric oxide 

caused by an elevated iNOS stimulation or by the uncoupled activity of eNOS, exacerbated in their 

toxicity when found in an oxidative stress environment, i.e. high concentrations of superoxide 

anions (O2-) (Lancaster Jr, 2006). Reactive nitrogen species (RNS) include peroxynitrite (ONOO-), 

nitrogen dioxide (•NO2), peroxynitrous acid (HNO3), dinitrogen trioxide (N2O3), nitroxyl (HNO), 

peroxynitrous acid (ONOOH), peroxynitrate (O2NOO-), peroxynitric acid (O2NOOH), nitrosonium 

cation (NO+), nitrate (NO3-), nitrite (NO2−) and nitroxyl anion (NO-) and can lead to nitrosative stress 

(NSS). Out of all RNS, ONOO- is the most abundant and the widely cytotoxic. 

Being highly reactive species, they rapidly interact and crosslink with different cell components, 

mainly causing lipid peroxidation, changing lipid membrane composition, causative of an increased 

membrane permeability and reduced fluidity, which together lead to disorders in intracellular signal 

transduction and receptor dysfunction (Morris et al, 2016). They are even involved in DNA damage 

by the formation of hydroxydeoxyguanosine and 8-nitroguanidine, causative of breaks and single-

strand formation in DNA (Tripathi et al, 2014). RNS can even damage intracellular proteins at 

different levels, rendering them enzymatically non-functional or structurally misfolded, by nitration 

of tyrosine residues resulting in the formation of 3-nitrotyrosine, formally recognized as an index of 

RNS formation (Radi, 2004). Misfolded and functionally impaired proteins could so accumulate in 

the cell and could not be easily degraded due to irreversible modifications of proteins involved in 

the degradation pathway, as finely reviewed by Ju and colleagues (Ju et al, 2021). 3-nitrotyrosine 

has been even directly correlated to the induction of cell death signalling pathways (Franco and 

Estevez, 2014). Another way through which RNS cause damage within the cell is at the level of 

organelles, especially mitochondria. Nitrosative stress could alter the activity of the electron 

transport chain and enzymes involved in fatty acid metabolism (Poderoso et al, 2019), as well as 

damage the integrity of mitochondrial DNA, more susceptible than the nuclear counterpart due to 

its non-protected exposure without histones. Since mtDNA encodes for 13 polypeptides, all of which 

are subunits of complexes I, III, IV and V (ATP synthase) of the mitochondrial electron transport 

chain, its instability due to nitrogen species covers a relevant role (Moon et al, 2006). Under high 

inflammatory conditions, iNOS activity is highly stimulated and causes an excessive production of 

NO which alters the anabolic pathway, dramatically decreasing protein synthesis through the 

downregulation of mTOR and its substrates (Frost et al, 2009, Hall et al, 2011). 
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Oxidative stress is generally defined as an imbalance between exposure to toxic reactive oxygen 

species and antioxidant systems. It plays relevant roles at different levels of the body districts, by 

mainly causing and participating in endothelial dysfunction, arterial stiffness, activation of 

inflammatory events, neurodegenerative and cardiovascular diseases, and metabolic impairments 

(Mozos and Tudor Luca, 2017; Perez-Torres et al, 2020).  

Physiological methods are adopted by cells to counteract this phenomenon and so maintain redox 

homeostasis (Figure 8): antioxidant mechanisms, namely enzymatic and non-enzymatic systems, are 

involved in the neutralization of radical reactivity which act in a synergetic coupling within the cell, 

coping with free radical damage. One of the primarily enzymatic lines of defence implemented are 

the superoxide dismutases (SOD), a family of enzymes firstly recruited by the cells against the 

oxidative injury caused by O2-, partitioning it into ordinary O2 and H2O2. Regarding NSS, SOD 

neutralizes the reactive ONOO- decreasing the formation of 3-nitrotyrosine in tissues. By the way, 

in high oxidative stress conditions, ONOO- itself can be causative of the loss of SOD activity through 

3-nitrotyrosine modification in its catalytic site (Yamakura and Kawasaki, 2010). Catalase, an 

oxidoreductase enzyme containing a heme group, is subsequently recruited and intervenes when 

SOD processes large quantities of its substrate, to neutralize the by-products. It is found 

predominantly confined to the peroxisome and following an accumulation of hydrogen peroxide 

(H2O2) in the cell, it promotes catalysis into molecular O2 and H2O. Reactive ONOO- damages the 

enzyme and inhibits its activity since it reacts with the catalase heme group with a ferric-nitrosyl 

irreversible interaction, thus hampering any interaction among H2O2 and the metal ion. Moreover, 

NO molecules can react with a catalase tetramer, creating a complex sequestered by its native 

activity (Brunelli et al, 2001). Finally, glutathione peroxidase (GPx) isoforms are antioxidant enzymes 

which catalyse the oxidation of glutathione (GSH), present at high concentrations in cells, so as to 

reduce their substrates. They prevent the accumulation of intracellular damage by H2O2 and they 

also act as a peroxynitrite reductase to modulate ONOO- reactivity, converting these species to 

water or alcohol while simultaneously oxidizing GSH. Excess of NO inhibits glutathione reductase 

activity and reduces the concentration of GSH. ONOO- could irreversibly react with GSH by forming 

S-nitrosoglutathione, a promotor of apoptosis and progression of NSS and OS (Presnell et al, 2013). 
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Figure 8. ROS/RNS production and neutralization. Cellular superoxide (O2
−•) and nitric oxide (NO) are 

produced and further converted to peroxynitrite (ONOO-) by reaction of NO with O2
−•, or to H2O2 by 

superoxide dismutase (SOD). H2O2 can be further neutralized and transformed to H2O by catalase (CAT), 
glutathione peroxidase (GPX) and peroxiredoxins (PRDX) which are reduced by thioredoxins (TXN). TXN 
is reduced by thioredoxin reductase (TXNRD), and glutathione (GSH) is reduced by glutathione-disulfide 
reductase (GSR). From Ciesielska et al, 2021. 

Other ways to counteract oxidative/nitrosative stress are represented by all those non-enzymatic 

factors such as Vitamin E, Vitamin C (ascorbic acid) and thiol antioxidants such as glutathione, 

thioredoxin, α-Lipoic acid, N-acetylcysteine, melatonin, carotenoids and flavonoids, mainly 

absorbed as a part of diets. They act or by directly neutralize free radicals or by solely enhance 

endogenous enzymatic activity, finely reviewed by Kurutas (Kurutas EB, 2015). 

2.5 Nitrate supplementation as exogenous beneficial intervention on physical performance 

Consistently with all the functions NO fulfills within the muscle and all the modulatory effects it 

exerts at different levels of muscle metabolism, muscle contraction and respiratory efficiency under 

controlled concentrations, this small gaseous molecule is growing in popularity in the field of sport 
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sciences and performance implementation, with a wide range of the literature now focusing on the 

effects of exogenous nitric oxide (i.e. nitrate supplementation) on the physical performance. 

In 2007 Larsen and colleagues firstly demonstrate that nitrate supplementation improves exercise 

efficiency by means of lower oxygen demand during submaximal work. The oxygen cost of exercise 

was significantly reduced after nitrate supplementation compared with placebo, demonstrated by 

a reduction in average VO2 during the submaximal test, while no changes were seen in 

VO2max between treatments. VO2max is a fundamental biological parameter for testing the physical 

aerobic performance of an individual, developed by the oxidative metabolism. It represents the 

maximal oxygen volume consumed per unit of time, during exercises of increasing intensity 

(incremental exercise). This parameter is widely used as an indicator of cardiorespiratory fitness 

(CRF), considering that lower fitness levels are associated with high risk of cardiovascular disease 

(CVD) or all-cause mortality (Kodama et al, 2009). 

In 2009, Bailey and colleagues introduce into this randomized designed protocol a natural nitrate-

rich dietary source (500ml/day of beetroot juice (BR), which contains 5.6 mmol NO3-) as the nitrate 

supplement, opening to an ongoing field of study based on this way of supplementation. In this 

protocol, the subjects were pushed until task failure as a measure of exercise tolerance and VO2peak 

was measured. VO2peak, directly reflective of VO2max, is the highest value of VO2 attained upon an 

incremental or other high-intensity exercise tests, designed to bring the subject to the limit of 

tolerance. Even if VO2peak did not show any difference at the end point of the two treatments, the 

BR significantly delayed time of exhaustion and reduced the VO2 “slow component”. The VO2 slow 

component, finely reviewed by Jones and Grassi (Jones et al, 2011), represents an index of muscle 

fatigability. It is well established that during constant aerobic exercise (endurance training), type I 

muscle fibers are recruited. These fibers enjoy a highly oxidative metabolism which allows them to 

maintain their work load for a long time. The slow component of VO2 represents a progressive loss 

of skeletal muscle contractile efficiency, mainly associated with the progressive recruitment of 

additional (type II) muscle fibers that are presumed to have lower efficiency, due to a higher ATP 

demand for contractile activity and thus higher oxygen consumption. A year after, the same group 

identifies less ATP hydrolysis as the leading cause of an improved tolerance of high-intensity 

exercise, guided by the NO-mediated modification of calcium handling proteins (Bailey et al, 2010). 

Consistent with these promising outcomes on physical performance on healthy subjects tested after 

BR intake, interest arises in the evaluation of parameters related to exercise training performances. 
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Acute dietary nitrate has been shown to improve cycle performance of club-level competitive male 

cyclists (Lansley et al, 2011); it reduced the metabolic costs of twelve well-trained apnea divers 

promoting an increased apneic duration (Engan et al, 2012); it lowered steady-state VO2 of trained 

cyclists exposed to moderate simulated altitude (approx. 2500 mt, Muggeridge et al, 2014). 

Regarding chronic BR supplementation (6-day), physically active men reached an important 

reduction in O2 cost of medium- and high-intensity running, concomitant with an increased time of 

exhaustion during severe-intensity running (up to 15%, Lansley et al, 2011); trained male cyclists 

significantly improved submaximal VO2 and increased tolerance of high-intensity work rates 

(Cermak et al, 2012); moderately trained male swimmers showed a reduction in aerobic energy cost 

(Pinna et al, 2014). 

For these and other studies related to the beneficial effects of BR on exercise tolerance and oxygen 

consumption, there are just as many which demonstrate no BR effects on exercise performance in 

highly trained endurance athletes. Acute dietary nitrate did not improve 1-hour time-trial cycle 

performance (Cermak et al, 2012) and no improvement in 50-mile time trial performance in well-

trained cyclists (Wilkerson et al, 2012). No particular beneficial effects have been found on the 

evaluation of time to exhaustion at high altitudes (4000 mt) and 10-km treadmill time-trial at 2500 

mt simulated altitude of well-trained runners (Arnold et al, 2015). Combined studies made up on 

acute and chronic BR supplementations at the same level did not show any improvement on physical 

performance and oxygen consumption assessed by VO2 measurement in well-trained athletes 

performing 40-min endurance tests (Bescos et al, 2012), in elite distance runners (Boorsma et al, 

2014) and in highly trained cyclists (Nyakayiru et al, 2017). 

These observations open up about the heterogeneous responsiveness of subjects to BR 

supplementation, depending on individual-specific nitrate assimilation, the long duration of tests 

and the training status (Porcelli et al, 2015). High-trained athletes flatten the benefits of nitrates 

that are seen in moderately athletic subjects. This could be explained by higher nNOS expression 

and activity following endurance exercise training (McConell et al, 2007), which render the NO3--

NO2
--NO pathway relatively less important for NO production. Moreover, nitrite is reduced to NO in 

hypoxia and under acidic environment, conditions in which NOS function is compromised. Highly 

trained subjects which develop a great intricate net of skeletal muscle capillarization are thus able 

to maintain a sustained hyper fusion of metabolites and molecules required during exercise, 
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reducing the NO demand and avoiding the onset of conditions that can promote nitrate reduction 

phenomena. 

2.6 The role of nitric oxide in ageing 

Ageing process is associated with a number of structural changes that most of the times lead to 

compromised cardiovascular and muscular functions, such as decreased capillarity density and 

blood flow in the microcirculation, inflammatory outcomes, vascular stiffness as well as 

mitochondrial impairments (changes in density and oxidative function; Conley et al, 2000, 

Gouspillou et al, 2010). All together, these alterations may perturb efficient O2 delivery and 

utilization (and so a slower VO2 kinetics) within different body districts and exercise, naturally 

involved in increasing skeletal muscle blood flow due to higher energy requests, has shown 

attenuated outcomes with increasing age (Wahren et al, 1974). Moreover, the overproduction of 

reactive oxygen and nitrogen species is one of the main problems encountered in senility and 

pathological conditions and they are believed to play a relevant role in the functional losses of 

molecular components which lead to the accumulation of oxidative/nitrosative-induced damages. 

It occurs due to mitochondrial dysfunction caused by age-related mitochondrial damages, besides 

NOSs altered activities.  

The concentration of nitric oxide in plasma has found to be negatively correlated with physiological 

advancing age (Di Massimo et al, 2006). At the level of skeletal muscle tissue, measurements of NO 

levels on human muscle biopsies of various age-related cohorts demonstrate that basal nitrate 

concentration in healthy young controls (~80 μmol/l) was 1.5-fold greater than in older healthy 

subjects (~54 μmol/l), speculating that aged muscle tissue may be altered in nitrate transport, 

metabolic pathways and proper storage. This result therefore opens up the possibility of considering 

the nitrate dietary supplementation as a promising intervention to improve the availability and 

storage of nitrates in old muscles (Nyakayiru et al, 2017). Following NO3- metabolism and circuitry 

within the body starting from salivary glands, variation in the oral microbiota could influence nitrate 

reduction and furthermore, the expression of the putative NO3- transporter Sialin decreases at the 

level of submandibular glands of mice and human parotid gland, limiting the physiological function 

of salivary glands of older individuals (Li et al, 2018). 

Furthermore, an altered NOS enzymes expression and/or activity occurs in ageing. Despite changes 

in expression are still a source of debate due to contradictory studies, it is well accepted that the 

activity of eNOS and nNOS are reduced in ageing. The loss in activity could be due to a decreased 
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availability of substrates (L-arginine is considered a non-essential amino acid and could not be 

implemented in old individuals’ diet) or cofactors, changes in post-translational modifications which 

modulate their activity and subcellular localization. eNOS and nNOS are functionally found anchored 

in the plasma membrane of the cells but during ageing the amount of these enzymes localized in 

the membrane decreases (Cau et al, 2012). In particular, eNOS seems to play a harmful role in 

ageing. Under conditions of substrate depletion, NOS becomes a radical generating enzyme, a 

phenomenon referred as NO uncoupling. As a result of a lack of Ser-1177 phosphorylation, 

monomeric eNOS was found increased in mesenteric arteries of old rats, and has been 

demonstrated to be involved in the generation of O2- (Yang et al, 2009). Being NO a superoxide 

anion scavenger, it decreases its bioavailability because of its reaction with the reactive oxygen, 

promoting peroxynitrite (ONOO-) accumulation and subsequent intracellular damage. This reaction 

is then facilitated in the pro-oxidant environment of old tissues. On the other hand, iNOS is found 

widely expressed during ageing, due to its involvement in pro-inflammatory events extensively 

occurring in different districts in elderly subjects. Ageing-associated iNOS up-regulation is therefore 

accompanied by ONOO- production, due to the same aforementioned reaction. 

Given all the positive observations that nitrate supplementation has in terms of blood flow, 

oxidative metabolism and generally in physical performance, a lot of curiosity has emerged about 

whether NO3- supplementation can somehow improve contractility and therefore ameliorate 

physical performance and enhance exercise tolerance in the elderly, consistent with all the NO-

metabolic impairments due to ageing. 

Regarding studies of aged human profiles, lots of observations were made in the time window of 

senescence. Despite no significant improvements in exercise tolerance and oxygen consumption 

under medium-high intensity exercise were assessed in middle to older-aged well-trained adults (41 

to 64 years old subjects who consume 9.9 mmol of NO3
-/day for 7 days; Berry et al, 2020), the 

literature that focused on ageing showed off positive effects of supplementation in physical 

performances. 

Acute nitrate supplementation (~13.4 mmol) improved muscle functional contractility, assessed 

through the maximal knee extension test at angular velocities, in a group of elderly subjects (about 

70 yo), (Coggan et al, 2020). Muscle oxygenation and time to recovery were ameliorated in acute 

nitrate intake (~12 mmol) of randomized aged individuals (de Oliveira et al, 2017). Moreover, 9.4 

mmol nitrate treatment reduced aortic blood pressure promoting thus beneficial cardiovascular 
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effects (Hughes et al, 2016), confirmed by 4-weeks supplementation in which aged subjects showed 

a reversed vascular dysfunction and thus a better cardiovascular prognosis (Rammos et al, 2014). 3-

days supplementation (~9.6 mmol/day NO3-) improved then VO2 kinetics during treadmill walk, 

reduced blood pressure with no changes in O2 cost of exercise in 60-70 years old subjects (Kelly et 

al, 2013). However, even in this case, the literature showed contrasting results regarding the effects 

of dietary nitrates on old subjects. In particular, Siervo and colleagues did not find any change in 

physical exercise-related functional parameters after 1-week BR supplementation (~12 mmol/day) 

(Siervo et al, 2016). This could be in part explained by interindividual variability of nitrate absorption 

and metabolism, worsened during ageing (Coggan et al, 2018). 

Taken together, all these evaluations and studies on the impact of nitrate supplementation on 

physical performance could open a window of study regarding the combined effects they could have 

in the elderly, who are known to be prone to high fatigue and exercise intolerance.  
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RATIONALE AND AIM 

The rationale of the study is based on several observations (see also Introduction for details): 

• Neuromuscular junction (NMJ) deterioration, mitochondrial dysfunction, increased ROS 

production, and decreased PGC1α expression have been reported in skeletal muscle with 

ageing. Muscle mitochondria are believed to be crucially important for the maintenance of 

NMJ. Recent findings point to changes in myofiber PGC1α expression as a key process 

involved in NMJ impairments with ageing. 

• Loss of nNOS in skeletal muscle with ageing has been shown to be associated with structural 

defects at the NMJs, impaired mitochondrial biogenesis and muscle wasting. 

• Exercise intolerance is experienced during ageing, with higher fatigability and associated 

muscle wasting which devoid the subjects to perform it as therapeutical intervention. 

• Nitric oxide (NO) has been shown to induce mitochondrial biogenesis in skeletal muscle cells 

via modulation of PGC1α.Inorganic nitrate supplementation has been shown to increase NO 

bioavailability and exercise performance in both untrained and trained conditions. 

Based on the above evidence, the specific goals of the present study were to a) determine the 

efficacy/ability of nitrates in counteracting NMJ alterations and muscle wasting in ageing through 

exogenous supplementation of inorganic NaNO3 alone and in combination with exercise, b) evaluate 

whether the combination of the two treatments promotes additive or synergistic effects on elderly 

muscles and c) characterize the molecular mechanisms underlying the effects induced by the 

interventions. 
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MATERIALS & METHODS 

Animals: C57BL/6 

Wild-type C57BL/6 male mice were used to perform all the experiments, in a natural physiological 

ageing course of life (22-months old) and in 7-months old mice. Mice were housed in a conventional 

laboratory animal facility, in pathogen-free and controlled conditions, at constant temperature and 

controlled humidity, with 12 hours of light/dark cycles to ensure natural circadian rhythm. Animal 

handling and experimentation were performed in line with approved Institutional Animal Care and 

Use Committee protocols at the University of Pavia and conformed to Italian law concerning animal 

testing (D. Lgs n° 2014/26, implementation of the 2010/63/UE). 

Following behavioural tests performed by collaborators of the University of Pavia, old mice were 

randomly assigned to the experimental groups under investigation, in order to minimize intrinsic 

heterogeneity among groups. Five groups were assessed: young control mice (Young CTRL, 7-mo), 

old control mice (Old CTRL, 24-mo), old mice supplemented with NaNO3 through water intake (Old 

N, 24-mo), mice subjected to incremental endurance exercise (Old EX, 24-mo) and mice underwent 

combined NaNO3 supplementation and exercise protocols (Old EX+N, 24-mo). All interventions 

lasted for two months starting from the 22nd month of age. During the experimental procedure, 

mice had full access to food and water ad libitum, except for NaNO3 supplemented animals which 

underwent surveilled beverage daily. Seven to eight animals per group were used. 

Dietary nitrate supplementation 

Dietary nitrate supplementation consisted of 1.5 mM NaNO3 (Sigma-Aldrich) dissolved in the 

drinking water of old mice allocated in the N and EX+N group, whereas the other cohorts received 

regular water. 1mM inorganic nitrate has been widely used in other rodent studies (Hernandez et 

al, 2012; Ivarsson et al, 2017), representing a concentration that is readily obtainable in the diet 

(Hord et al, 2009). So, for preliminary data sets, we augmented inorganic nitrate concentration to 

emphasize their action. Nitrate solutions were prepared daily by dissolving a concentrated stock 

solution of NaNO3 in drinking water. Aliquots of the concentrated stock were stored at -20° C to 

prevent nitrate degradation (Corleto et al, 2018) and thawed daily to prepare the drinking solution. 

Both groups received NaNO3 and water in similar containers (bottles) available ad libitum for all the 

experimental period (nine weeks). Regular water and NaNO3 solution volumes were measured to 

assess the correct concentration of nitrates intake and replaced daily. 
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Exercise training protocol 

To familiarize themselves with the treadmill device, mice were acclimatized for four days prior to 

the beginning of the nine weeks’ protocol by walking 20 min/day at 5 to 7 m/min at 0° inclination 

on a motorized treadmill (Exer 3/6 Treadmill, Columbus Instruments, Columbus OU, USA) (Figure 9). 

 

Figure 9. Old mice subjected to exercise training protocol in six-lane animal exerciser treadmill. 
Lanes were obscured to not influence the animals’ run. 

After a short period of acclimation, the exercise protocol was performed as follows: 5 min of 

warmup at 5 m/min after which time the speed was increased to 0.5 m/min for 10 min until the 

speed of 7 m/min. Then the mice ran until the 30th min in the first weeks and progressively 

incrementally increased in end time and speed until the last two weeks in which they were able to 

perform 60 min of exercise training eventually reaching 10 m/min velocity. Exercise protocols were 

performed five out of seven consecutive days a week for nine weeks. This medium-intensity exercise 

protocol was designed for old animals to promote aerobic endurance training, with an incremental 

time and speed approach due to the sedentary lifespan of mice which renders them highly prone to 

fatiguing and to interrupting the exercise before the scheduled time.  

Behavioural tests and locomotor evaluations 

In vivo experiments were performed for investigating the locomotor abilities of old mice. Protocols 

were performed by collaborators from the University of Pavia and details are described in Roda et 

al, 2021. Briefly, all mice, at different experimental times, performed two spontaneous behavioural 

tests: open-field arena and emergence tasks. In the open arena test, mice were left free to explore 

an empty arena of 63 × 42 cm. During the emergence test, mice were placed in a familiar cage with 
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a hole through which they can emerge in a larger arena without walls. Both tests lasted 8 min. Mean 

speed (cm/s), resting time (s), and max speed (cm/s) were evaluated. Mice performances were 

measured by SMART video tracking system (2 Biological Instruments, Besozzo, Varese, Italy) and 

Sony CCD colour video camera (PAL). 

Nitrate concentration 

In order to quantify NOx concentration in the muscles, Soleus was used as a reference muscle 

because it is indicated by the literature as a NOx reservoir (Park et al, 2021). Samples were 

homogenized in PBS (phosphate buffer aqueous solution containing 136 mM NaCl, 2 mM KCl, 6 mM 

Na2HPO4 and 1 mM KH2PO4) pH 7.4 on ice and rapidly centrifuged at 10000 x g for 30 min and 

supernatant used for quantification through the RC-DC™ (reducing agent and detergent compatible) 

protein assay (supplied by Bio-Rad). RC-DC™ is a colorimetric assay for protein determination in the 

presence of reducing agents and detergents, based on the Lowry protocol (Lowry et al, 1951), one 

of the most used methods to evaluate protein amount. The absorbance value of each sample was 

read by a spectrophotometer settled at a wavelength of 750 nm. According to Lambert-Beer law, 

absorbance of a protein is directly proportional to its concentration. Thus, protein sample 

concentration was calculated by interpolating the values on a calibration reference curve whose 

points are scalar concentrations of a solution of a known concentration of BSA. 

Concentration of NOx was measured using a commercial colorimetric assay kit (Griess Reagent Kit, 

Cayman Chemical, USA), which provides an accurate and convenient method for measurement of 

nitrate and nitrite concentration. The Griess Reagent System is based on the chemical reaction 

which uses sulfanilamide and N-(1-Naphthyl) ethylenediamine dihydrochloride (NED) under acidic 

(phosphoric acid) conditions. For nitrate measurements, a reducing reaction needed to occur 

through the addition of an Enzyme Cofactor that sustain the Nitrate Reductase Mixture activity 

(both provided by the kit). 40 μg of each sample were used, in duplicate. After three hours’ 

incubation with the enzymes at room temperature, samples were read by the addition of Griess 

reagents at 545 nm in a microplate reader spectrophotometer (CLARIOstar® Plus, BMG Labtech, 

Germany). A linear calibration curve was computed from pure nitrate standard (ranging from 0 to 

35 µM). Both nitrate and nitrite were quantified, following manufacturer’s datasheet.  
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Sample collection 

Animals of all experimental groups were fasted 2 hours prior to the sacrifice. Groups subjected to 

exercise protocols were sacrificed 24 hours after the last training session. Mice were weighted and 

subsequently sacrificed by cervical dislocation, and muscles from the hindlimb were finely dissected 

within 15 min post-mortem, weighed and immediately snap frozen in liquid nitrogen and stored at 

-80° C for further evaluations. For the ex vivo experiments, muscles were excised and preserved in 

physiological environments to maintain their functionality. The respiratory muscle diaphragm was 

dissected and stored following different methods due to different outcomes. The central part was 

destined to the intact muscle contractility assay plunged on Krebs oxygenated solution, part of the 

dorsal section snap frozen in liquid nitrogen and a ventral well oriented portion embedded in OCT 

medium (Killik, O.C.T. for cryostat, Bio-Optica) at room temperature prior to snap frozing in liquid 

nitrogen to be further cryosectioned for morphological analyses. One of the foot dorsiflexor Tibialis 

Anteriores (TA) was then used for the high resolution respirometry (HRR) assay through rapid 

dissection in cold BIOPS buffer. 

Ex vivo Analysis: Oxygraph-2k for High-Resolution Respirometry 

For the measurements of mitochondrial respiration, the Oxygraph-2k (O2k, OROBOROS 

Instruments, Innsbruck, Austria) was used. Experiments using permeabilized skeletal muscle fibers 

were performed in miR05 (mitochondrial respiration medium: 110 mM sucrose, 60 mM K-

lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, pH 7.1 at 

30° C, and 0.1% BSA essentially fatty acid free; Gnaiger et al, 2000). All experiments were performed 

at 37° C in hyperoxic conditions (concentration of oxygen up to 400 µM) to avoid O2 limitations in 

respiration, and the medium was reoxygenated with pure gaseous O2 when oxygen concentration 

diminishes under the threshold of 280 µM. Standardized instrumental and chemical calibrations 

were performed to correct for back-diffusion of O2 from the various components into the chamber 

(e.g. leak from the exterior, O2 consumption by the chemical medium and by the sensor O2) (Pesta 

& Gnaiger, 2012). Because the Oroboros-O2k machinery has two chambers for the experimental 

session, two samples can be evaluated in parallel. The excised TA was washed in ice-cold BIOPS 

(biopsy preservation solution: 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 5.77 mM Na2ATP, 6.56 mM 

MgCl2•6 H2O, 20 mM Taurine, 15 mM Na2Phosphocreatine, 20 mM Imidazole, 0.5 mM Dithiothreitol 

(DTT), 50 mM MES, pH 7.1 at 0° C) and properly dissected so as to obtain a compacted piece of well-

oriented fibers of about 6 µg. Two of those were prepared to perform the analysis in double during 



61 
 

the day. Contiguous pieces of the ones subjected to HRR were then cleaned and weighed. The 

continuity of the fibers with the one destined to HRR allows to analyse it with composition and 

properties as much close as the assessed one. The muscle fibers needed to be enlarged so as the 

medium could penetrate easily in every part of it, with the help of small fine-tipped tweezers under 

the microscope. Then it underwent 30 min of permeabilization with 20 µg/ml Saponin (Sigma-

Aldrich) in BIOPS in agitation at 4° C so all the fibers of the tissue sample could be reached by the 

substrates/inhibitors inserted into the chambers during the experimental procedure. At last they 

were washed with miR05, the medium in which all the experimental protocol was performed, for 

10 min and then transferred into Oroboros-O2k chambers. Experiments were performed in the 

presence of the myosin II-ATPase inhibitor (Blebbistatin, 25 μM, dissolved in 5 mM DMSO) (Perry et 

al, 2011) in order to prevent spontaneous contraction in the respiration medium. 

Respiration of permeabilized muscle fibers was determined using substrate-uncoupler-inhibitor 

titration (SUIT) protocols previously described (Makrecka-Kuka et al, 2015; Zuccarelli et al, 2021) 

with modifications. All the chemicals used were purchased from Sigma-Aldrich, otherwise 

differently mentioned. 

 

Figure 10. Representative scheme of a HRR experiment performed with Oroboros-O2k machinery. 
Red line is the oxygen flux produced by the sample under investigation, while the blue line represents 
the oxygen concentration within the chambers. Our protocol added Succinate prior to ADP and 
Cytochrome C prior to Rotenone. Adapted from Cheng et al, 2019. 

Glutamate (G) and malate (M) (10 mM and 4 mM, respectively) were added to measure non-

phosphorylating resting mitochondrial respiration in absence of adenylates, so that O2 consumption 

was mainly driven by the back leakage of protons through the inner mitochondrial membrane 



62 
 

(‘LEAK’ respiration). Succinate (Succ, 10 mM) was then used to support convergent electron flow 

into the Q-junction through Complexes I and II (determining the LEAK of both Complexes I (CI) and 

II (CII). ADP was added at increasing submaximal concentrations to build up a titration curve until 

reaching a 4 M final concentration, which was saturating for oxygen flux to obtain maximal ADP-

stimulated mitochondrial respiration (OXPHOS capacity). Additional substrates were added 

sequentially to reconstitute convergent CI&II-linked respiration. Titrations with the uncoupler 

protonophore carbonylcyanide-p trifluoromethoxyphenylhydrazone FCCP (a few steps of 1 µM) 

were performed to determine the electron transfer system (ETS) capacity. Rotenone (Rot, 0.5 µM 

added to inhibit Complex I) and Antimycin A (AmA, 2.5 µM to inhibit Complex III and thus 

mitochondrial respiratory chain) were added for the determination of maximal respiratory 

uncoupled efficiency and residual oxygen consumption (ROX) independent by mitochondria, 

respectively. Prior to AmA, Cytochrome C (CytC, 10 µM) was added to the chambers to evaluate the 

integrity of the outer mitochondrial membrane: an increase in oxygen flux of more than 15% would 

indicate damaged organelles. At the conclusion of each experiment, muscle samples were removed 

from the chambers, washed in PBS and centrifuged for 10 min at 14000 g at 4° C, and immediately 

frozen in liquid nitrogen to be stored at -80°C until further determinations. 

Volume-specific O2 fluxes were calculated real-time by the DatLab software (OROBOROS 

INSTRUMENTS, Innsbruck, Austria) over time. Only the stable portions of the apparent fluxes were 

selected and artefacts induced by additions of chemicals or re-oxygenations were excluded. All the 

mitochondrial respiration indices were corrected for O2 flux resulting from residual O2 consumption 

(ROX). The obtained mitochondrial respiration values needed to be normalized by citrate synthase 

activity (see below), taken as an estimate index of mitochondrial mass (Larsen et al, 2012). 

Contiguous pieces of the ones subjected to HRR were analysed due to their conserved properties 

and the similar composition of the ones subjected to the SUIT protocol.  

Citrate synthase activity 

Citrate synthase (CS) activity was determined as described in Zuccarelli et al, 2021. Briefly, muscle 

samples were thawed and homogenized in a glass potter (Wheaton, USA), resuspended 1:50 w/v in 

a homogenization buffer containing 250 mM Sucrose, 20 mM Tris, 40 mM KCl and 2 mM EGTA, with 

1:50 v/v protease (Sigma-Aldrich) inhibitors. Prior to the last of the 20 strokes (at 500 rpm), Triton 

X-100 (0.1% v/v) was added to the solution. Then, after 30 min incubation in ice, the homogenate 

was centrifuged at 14.000 g for 10 min. The supernatant was used to evaluate protein concentration 
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and the quantified extracts (5–10–15 μg) were added to each well of a 96-well-microplate along 

with 100 μl of 200 mM Tris, 20 μl of 1 mM 5, 5’-dithiobis-2-nitrobenzoate (DTNB), freshly prepared, 

6 μl of 10 mM acetyl-coenzyme A (Acetyl-CoA) and MilliQ water to a final volume of 190 μl. A 

background ΔAbs, to detect any endogenous activity by acetylase enzymes, was recorded for 90 s 

with 10 s intervals at 412 nm at 25°C by an EnSpire 2300 Multilabel Reader (PerkinElmer). The ΔAbs 

was subtracted from the one given after the addition of 10 μl of 10 mM oxalacetic acid that started 

the reaction. All assays were performed at 25°C in triplicate on homogenates. Activity was expressed 

as nmol min–1 (mU) per mg of protein. 

Ex vivo Analysis: Intact Muscle Contractility 

Diaphragm muscle from mice was dissected and portioned for different purposes. An isolated and 

well-oriented diaphragm strip between two opposite portions of rib cages was transferred in Krebs 

solution at room temperature (22° C) and constantly oxygenated. Non-absorbable 4-0 silk sutures 

were then applied to the two ends of the sample (one extremity of the ribs and the central tendon) 

in order to firmly anchor it vertically to the hooks that make up the force transducer (FT-03; 

AstroNova) (Figure 11). 

 

Figure 11. Schematized representation of the intact muscle contractility assay performed on 
diaphragm. Silk sutures are applied on the extremities of the hemi-diaphragm (the non-contractile 
portions, adapted from Hakim et al, 2019). On the right, an exemplified bath in which muscle is 
anchored and plunged in oxygenated Krebs solution to perform the assay (adapted from Jespersen et 
al, 2015). 

Preparations were placed in an organ bath containing Krebs solution (120 mM NaCl, 2.4 mM KCl, 

2.5 mM CaCl2, 1.2 mM MgSO4, 5.6 mM glucose, 1.2 mM KH2PO4, and 24.8 mM NaHCO3, pH 7.4) 

bubbled with a blend of 95% O2 and 5% CO2 and kept at constant temperature (22° C). Force 
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transducer is formed by a fixed hook and a movable lever arm used to adjust the muscle length, 

stretched to Lo (muscle optimal length for maximal twitch force). On both sides of the perfusion 

bath at a distance of about 2 mm from the preparation, plate platinum electrodes connected with 

a stimulator (S48 Grass-stimulator; AstroNova) allow electrical field stimulation. Tetanic isometric 

contractions were evoked (110 Hz, 120 ms, supramaximal amplitude) at Lo. A fatigue test was 

performed by measuring the drop-in force of the maximal tetanic force following 20 repeated 

contractions in a ramp protocol at 0.03, 0.09, and 0.3 Hz. Data were normalized to muscle cross-

sectional areas (CSA) and expressed as force/CSA (Po/µm2) unless otherwise specified. A 1401 A/D 

converter (Cambridge Electronic Design) and CEA Spike2 software (Cambridge Electronic Design) 

were used for the analysis (Tirone et al, 2018). 

Cross-Sectional Area (CSA) Analysis 

Muscle fibers’ CSA was performed to assess the size of muscle fibers. CSA was obtained by cutting 

in the mid-belly region of fusiform muscles under investigation (Gastrocnemius and Soleus) and in 

transversally oriented diaphragm OCT-embedded muscles. Briefly, serial transverse sections with a 

thickness of 10 μm each were obtained from muscles by using a cryostat with a working 

temperature of -20° C. Sections were collected on the surface of polarized glass slides which 

guarantees the permanent adhesion. Images of the sections were then captured from a light 

microscope (Leica DM/LS, Wetzlar, Germany) equipped with a camera (Leica DFC450 C, Wetzlar, 

Germany). Fibers’ CSA was measured with Image J analysis software (NIH, Bethesda, MD, USA) and 

expressed in µm2. Glass slides were then conserved at -20° C for further immunohistochemical and 

fluorescence investigations. 

Immunohistochemistry Analysis 

MHC isoforms staining 

In order to evaluate the composition of fiber types present in each muscle of all the groups, the 

cross-cryosections were immunostained with two mouse monoclonal antibodies separately: the 

antibody specific for slow MHC isoforms (Abcam) and the one specific for the fast MHC isoforms 

(Abcam). Primary antibodies were diluted 1:2000 and 1:1000 respectively in a solution of PBS and 

BSA (bovine serum albumin, Merck) 1% (w/v) and distributed on the surface of the slides so as to 

completely cover each section. After 1 hour of incubation at 37° C, slides were washed three times, 

5 min each in PBS at room temperature. Then, the slides were incubated for 30 min at 37° C with a 

secondary rabbit anti-mouse immunoglobulin G (IgG) antibody conjugated with peroxidase (DAKO, 
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Glostrup, Denmark), diluted 1:500 in PBS + BSA 1% solution. At the end, three consecutive washes 

in PBS were performed to remove the exceed of antibody solution. In order to visualize the positive 

immunostained transverse cells where the reaction antigen-antibody occurred, hydrogen peroxide 

needed to react with peroxidase in an environment containing DAB (diaminobenzidine), which 

produces at last a brownish coloration where the secondary antibody is found linked. The 

colorimetric reaction was carried out at room temperature in about 5 min, and in order to devoid 

overreaction and aspecific oxidation of negative cells, it was blocked by dipping the slides in PBS. A 

dehydration step in alcoholic solutions of increasing concentration was performed, for a few 

seconds each (40% ethanol, 60% ethanol, 80% ethanol, 95% ethanol, 50% ethanol and 50% xylene 

and a long wash in xylene). Finally, the slides were closed by using cover slips fixed with the Eukitt® 

Mountant (Bio-Optica). The sections of muscles so coloured were examined using a computerized 

image analyser, consisting of a camera (Digital Vision) placed on a light microscope (Leica DM/LS, 

Wetzlar, Germany) and connected through a digital interface to a computer equipped with specific 

software (Leica DFC450 C, Wetzlar, Germany). With this system, it was possible to view images of 

preparations on the screen and to evaluate the distribution of the two different MHC isoforms 

within a muscle, further counted based on acquisition of images at 10X magnification and 

reconstruction with imaging software (Image J, NIH). The results were displayed as a percentage of 

the positive fibers on the total amount that composes the section under investigation. 

Picro Sirius Red staining for fibrotic tissue 

Sirius Red staining in formerly used for the staining of collagen present in tissues, and in our case is 

particularly indicative of the fibrotic infiltration within muscle tissue sections. Sections stored at 

−20°C were dried at room temperature for 10 min before rehydration in alcoholic solutions of 

decreasing concentrations (xylene 100%, xylene/ethanol 50%, ethanol 95%, 80%, 70% and 50%) and 

subsequent fixation in a neutral buffered formaldehyde solution 3.7% for 1 hour at room 

temperature. Following incubation in Sirius Red (Direct Red 80, Sigma-Aldrich) 0.1% (w/v) in a 

saturated aqueous solution of picric acid (1.3% saturated in water, Sigma-Aldrich) for 1 hour at room 

temperature, two washes in acidified water (0.5% acetic acid in water) were performed to remove 

exceeding stain. Dehydration in two changes of 100% ethanol is then required, with a subsequent 

wash in ethanol/xylene in a 1:1 ratio and final clear in xylene. Finally, the slides were closed by using 

cover slips fixed with the Eukitt® Mountant (Bio-Optica). The sections of muscles so coloured were 

examined as previously described, with a 10X magnification acquisition and analysed with Image J 

software as the percentage of the fibrotic area on the total area of the section. 
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Immunofluorescence Analysis 

NCAM1+ fibers 

In order to evaluate the expression of NCAM1 as a marker of denervation, immunofluorescence on 

transverse muscle sections was performed to assess the presence of any positive fibers and whether 

the localization of the adhesion molecule was on the sarcolemma or within the sarcoplasm, 

indicative of different degrees of denervation/reinnervation occurring on that site. Sections stored 

at −20°C were dried at room temperature for 10 min and fixed in cold methanol (-20° C) for other 

10 min and further permeabilized with a solution based on PBS and Triton X-100 2% (v/v) for 30 min. 

Then, the sections were incubated for 1 hour in BSA 2% and Normal Goat Serum 2% in PBS, in order 

to saturate non-specific sites, in a humidified chamber. After two washes in PBS, sections underwent 

incubation with primary antibodies against NCAM1 (anti-mouse, 1:500, Abcam) and Dystrophin 

(anti-rabbit, 1:500, Abcam) in saturation solution, overnight at 4° C in humid chamber. Then, three 

washes in PBS, 5 min each were performed, and secondary antibodies added on the sections to 

allow specific reaction with their targets. Conjugated anti-mouse Alexa Fluor™ 594 and anti-rabbit 

Alexa Fluor™ 488 (Invitrogen) were diluted 1:500 in saturation solution and incubated for 1 hour at 

room temperature, in humid chamber and under dark conditions to devoid any damage of the 

photo-sensitive fluorophores, a condition maintained in all the further passages. Repeated washes 

in PBS were performed and nuclei were counterstained for 5 min with DAPI 1:5000 in PBS. Negative 

controls (without the primary antibody incubation) were performed in parallel with the standard 

protocol to demonstrate the specificity of the fluorescence signals. Slides were mounted with a 

glycerol-based anti-fade mounting medium and images were acquired at 10X magnification with a 

fluorescence microscope (Olympia microscopes), and elaborated and analysed with the support of 

Image J software. Total number of cells, centralized nuclei and cells positive for NCAM1 signal were 

counted and analysed for comparison between control and treatment groups. 

Confocal microscopy for NMJ morphology 

The chosen muscle for the study and morphological evaluation of the neuromuscular junction 

structure was the Extensor Digitorum Longus (EDL) in order to allow the whole-mounted evaluation 

of the entire muscle and thus preserve the complete architecture of the tissue. EDL is moreover a 

small fusiform muscle that allows a high efficiency of in-depth analysis, with strong tendons that 

serve as anchors for immunostaining fixed passages. Snap-frozen muscles were divided in half along 

the length to reduce the thickness of the tissue and so allow a profound investigation. Prior to 



67 
 

defrost, the half-muscles were pinned in silicon-based dishes and plunged within cold 4% 

paraformaldehyde (PFA) for 1 hour at room temperature to allow fixation of all the structures. After 

long washes in PBS, tissue was permeabilized with 4% Triton X-100 for 90 min and subsequently 

incubated in a blocking solution of 4% BSA and 2% Triton X-100 in PBS, at room temperature for 1 

hour. Then, primary antibodies for visualizing presynaptic structures were added and left to react 

for 48 hours at 4° C. Rabbit anti-Neurofilament-L (the most represented of the axonal 

neurofilaments; NF-L, Cell Signalling) and mouse anti-synaptophysin (part of the synaptic vesicles 

apparatus; Syn, Cell Signalling) were made up in blocking solution with dilutions of 1:400 and 1:200 

respectively. After a long wash in PBS, samples were incubated with 4% BSA and 2% Triton X-100 in 

PBS for 30 min and then with the secondary antibodies targeting the primary ones together with 

the conjugated primary antibody labelling the postsynaptic AChRs: the α-bungarotoxin (α-BTX, 

Invitrogen). Conjugated anti-mouse and anti-rabbit Alexa Fluor™ 488 (Invitrogen) were diluted 

1:500 in blocking solution and incubated for 120 min at room temperature under dark conditions 

together with TRITC-conjugated α-BTX. At the end, repeated washes in PBS were made and in 

between, samples were plunged in DAPI 1:5000 in PBS for 5 min to mark the nuclei, and then 

repeatedly washed in PBS. Finally, muscles preparations were stored for short terms in PBS at 4° C 

protected from excessive light exposure prior to imaging. 

Samples were then mounted on glass slides in VECTASHIELD Vibrance® Antifade Mounting Medium 

(Vector Laboratories, US) and acquired on a TCS SP8 confocal laser scanning microscope (Leica 

Microsystems, Heidelberg, Germany). Confocal settings were optimized to achieve the best 

compromise between image quality and acquisition rate: 8-bit depth, 512 × 512 frame size, ×20 

magnification, ×2 zoom and 1 µm z-stack interval, with sequential image acquisition to minimize 

bleed through (red channel—543 nm excitation, 565–615 nm collection; green channel—488 nm 

excitation, 500–550 nm collection). Confocal micrographs of immunolabelled mouse NMJs were 

acquired from whole-mounted muscle preparations using standard image capture approaches. For 

accurate analysis, each image captured a single en-face NMJ with a short length of its terminal axon 

in the centre of the field of view. NMJs that were partially oblique to the field of view were only 

included if the oblique portion constituted less than approx. 10% of the total area. All image analyses 

were performed on maximum intensity projections of the z-stacks, using Image J software and 

related plugins (BinaryConnectivity). Specific analyses of NMJ morphology and characteristics were 

assessed as previously finely described by Gillingwater lab, in which the group was able to develop 

the “NMJ-morph” workflow, specifically designed to facilitate quantitative analysis of both pre and 
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postsynaptic structures at the NMJ, based on a standardized and repeatable workflow suitable for 

use on confocal z-stack projections of individual NMJs. In total, 21 individual morphological variables 

were evaluated into the NMJ-morph platform, divided into ‘core variables’, ‘derived variables’ and 

‘associated nerve and muscle variables’, following the flowchart by using standard ImageJ functions 

as depicted in the panel below. At the end, about 40 NMJ structures were analysed per experimental 

group. 

 

Figure 12. Representative scheme depicting all the passages/commands to perform manual NMJ 
morphological analyses. 21 morphological variables can be analysed following this flowchart. Taken 
from Jones et al, 2016.  

Western Blot Analysis 

For decades, the Western Blot technique represents a major technique that allows the separation 

and identification of proteins. This task is accomplished by a first separation of proteins based on 
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molecular weight through electrophoresis on a polyacrylamide gel. Then, separated lysates are 

transferred up to a high-affinity protein membrane, whether it is a nitrocellulose or Polyvinylidene 

Fluoride (PVDF) membrane. Finally, target proteins are marked thanks to the natural specificity of 

primary antibodies to recognize specific epitopes discriminative from all the protein content. 

Secondary antibodies species-specific bind then to the primary ones, and the conjugation with 

fluorophores or peroxidases allows an easy detection of the signal through coloured products or 

chemiluminescence methods. 

For the preparation of proteins, still frozen muscles were pulverized in a steel mortar using a ceramic 

pestle, with the constant addition of liquid nitrogen in order to maintain muscle components’ 

properties. The powder thus obtained was homogenized with a lysis buffer containing 20mM Tris-

HCl, 1% Triton X-100, 10% glycerol, 150 mM NaCl, 5 mM EDTA, 100 mM NaF and 2mM NaPPi 

supplemented with protease inhibitor 5X, phosphatase inhibitors 1X (Protease Inhibitor Cocktail, 

Sigma-Aldrich) and 1 mM PMSF. The lysis of tissue was performed on ice for 40 min. The 

homogenate obtained was centrifuged at 13500 rpm for 20 min at 4° C and the supernatant was 

transferred to clean Eppendorf® tubes and stored at -80° C until use. Quantification of proteins was 

performed as previously described, using the RC-DC™ (reducing agent and detergent compatible) 

protein assay (Bio-Rad) and measuring concentration of proteins at 750 nm wavelength, taking 

advantage of a reference standard curve made up by known concentrations of BSA. 

The previously prepared and quantified samples were mixed in a buffer called Laemmli Buffer 4X 

(8% SDS, 20% β-mercaptoethanol, 40% glycerol, 0.25 M Tris-HCl pH 6.8 and bromophenol blue 

traces; Laemmli, 1970). SDS is an anionic detergent that strongly binds to and intercalates to 

proteins in a ratio of one anion every two amino acids of the polypeptide chain, firstly favouring the 

denaturation of proteins in combination with other reducing agents (β-mercaptoethanol), which 

promote the loss of the secondary and tertiary structures associated and then cancel differences in 

electric charge, rendering the proteins negatively charged. Proteins can thus be well resolved in 

accordance with their molecular weight during the electrophoretic run. To enable visualization of 

the migration of proteins it is common to include in the loading buffer a small anionic dye molecule 

(i.e. bromophenol blue). Since the dye is anionic and small, it will migrate faster than any other 

component in the mixture to be separated and will provide a migration front to monitor the 

separation progress. We arbitrarily set the end volume of the wells to 16 μl so Laemmli Buffer 4X 

was added referred to this value. The total amount of protein loaded into gels depends on the 
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expression level of the target protein evaluated by a linear standard curve prior to saturation signals 

that we assessed and at the end PBS 1X was added in order to reach the end volume. 40 µg of lysates 

are standardly used for phosphoprotein evaluations. To allow complete denaturation, samples were 

left at 95° C for 5 min. After 5 min at room temperature to acclimate, samples were ready to be 

loaded on SDS-PAGE.  

For all the experiments performed in this study, a gradient Precast gel purchased from Bio-Rad 

(AnykD or 4-20% gradient) was used. In these gels, the percentage of the acrylamide/bisacrylamide 

polymers varies uniformly from a lower percentage in the upper part to a higher concentration at 

the bottom of the gel, designed to provide a complete and well-resolved molecular weight protein 

separation pattern (300 kDa-5 kDa), being these percentages the reflection of the pore sizes created 

by the polymerizing net of acrylamide/bisacrylamide. Equal amounts of protein sample were loaded 

on the gel and subjected to electrophoresis. Due to the elevated number of samples under 

investigation, a reference sample is prepared and loaded in every gel during the same experimental 

session to then make the comparison possible among the samples.  Electrophoretic run was carried 

out at constant current (100V) for about 2 hours in a running buffer at pH 8.8 (25mM Tris, 192Mm 

Glycine, 1% SDS, Bio-Rad). To monitor protein separation, a protein molecular weight marker 

constituted by a mixture of proteins with known molecular weight (Preistained Protein Ladder 

Marker, Bio-Rad) was loaded on the gel. At the end of the gel run, the electrophoretic apparatus 

was disassembled and the gel recovered for the next step. 

In order to make the proteins accessible to antibody detection, they were moved from within the 

gel onto a membrane made of nitrocellulose or PVDF. Their disposition and organization are 

maintained by applying an electric field in which the proteins still negatively charged migrate from 

the negative (gel) to the positive (membrane) pole (the assembly of the so-called "sandwich" is 

shown in Figure 13). As a result of "blotting" process, the proteins are exposed on a thin surface 

layer for detection (see below). Protein binding is based upon hydrophobic interactions, as well as 

charged interactions between the membrane and protein. In this study, the proteins resolved by 

electrophoresis were transferred (blotted) to a PVDF membrane that needed to be activated for few 

seconds in methanol. The transfer was carried out at constant voltage at 100V for 2 hours at 4° C or 

at constant 35mA overnight (O/N) in a cold transfer buffer containing 25 mM Tris, 192 mM Glycine 

and 20% methanol. The effective protein transfer to the membrane was verified by staining with 

Ponceau S (Merck) red staining in acetic acid (0.2% Ponceau S in 3% acetic acid) for 15 min under 
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gentle shacking at room temperature, followed by washes to remove the excess and clear the 

membrane. 

 

Figure 13. A schematic example of the Western Blot assembly for protein transfer. The so-called 
“sandwich” is thus prepared, to allow the transfer of the negatively charged proteins onto the 
membrane, following the electric flow through the positive pole. Adapted from www.thermofisher.com 

To minimize the background, nonspecific binding sites present on the PVDF membrane were 

saturated with a blocking solution consisting of 5% fat-free milk in TTBS 1X (0.02 M Tris, 0.05 M NaCl 

and 0.1% Tween-20) for 2 hours at room temperature with constant shaking. At the end of 

incubation, the membrane was washed with TTBS 1X for three times 10 min each and incubated 

O/N at 4° C with the specific primary antibody appropriately diluted in a solution of TTBS 1X 

containing 5% BSA or 5% fat-free milk (depending on specificities of antibodies by datasheet) (Table 

1). Subsequently, the membrane was washed three times in TTBS 1X and then incubated 1 hour at 

room temperature at constant agitation, with a secondary antibody diluted suitably as previously 

referred to as primary antibodies. The nature of secondary antibodies depends on the species from 

which the primary ones in use were produced, but with the peculiarity of being conjugated with the 

enzyme HRP (Horseradish Peroxidase). After removing the excess of antibodies used with three 

washes of 10 min each in TTBS 1X, the last one was made in TBS 1X (0.02 M Tris and 0.05 M NaCl). 

Proteins detection was made using the Amersham ECL Select™ detection system (Cytiva Life 

Sciences, ex GE Healthcare) which highlights the HPR substrate by a chemiluminescent reaction. The 

membrane was gained through the analysis software ImageQuant™ LAS 4000 (GE Healthcare Life 
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Sciences) and the exposure time adjusted in an automatic manner or editable depending on the 

intensity of the emitted signal. 

Protein target Antibody 
dilution Host species Company Indicative 

pathway 

p-Akt (Ser473) 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

Akt 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

p-mTOR 
(Ser2448) 

1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

mTOR 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

p-p70S6K 
(Thr389) 

1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

p70S6K 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

p-S6 
(Ser235/236) 

1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

S6 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

p-AMPK (Thr172) 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

AMPK 1:1000 in BSA 5% In rabbit Cell Signalling Protein synthesis 

TOM20 1:1000 in Milk 
5% 

In rabbit Santa Cruz 
Mitochondrial 

mass 

Citrate Synthase 1:2000 in Milk 
5% 

In rabbit Abcam Mitochondrial 
mass 

SIRT1 1:1000 in BSA 5% In mouse Cell Signalling Metabolism 

PGC1α 1:1000 in Milk 
5% 

In rabbit Abcam Metabolism 

p62 1:1000 in Milk 
5% 

In rabbit Cell Signalling Autophagy 

LC3B II / I 1:1000 in Milk 
5% 

In rabbit Abcam Autophagy 

PINK1 1:500 in Milk 5% In rabbit Invitrogen Mitophagy 

Parkin 1:1000 in Milk 
5% 

In rabbit Invitrogen Mitophagy 

Mfn1 1:1000 in Milk 
5% 

In mouse Abcam 
Mitochondrial 

dynamics 

Mfn2 1:1000 in Milk 
5% 

In rabbit Abcam Mitochondrial 
dynamics 

OPA1 1:3000 in Milk 
5% 

In mouse Abcam 
Mitochondrial 

dynamics 
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p-DRP1 (Ser616) 1:1000 in BSA 5% In rabbit Cell Signalling 
Mitochondrial 

dynamics 

p-DRP1 (Ser637) 1:1000 in BSA 5% In rabbit Cell Signalling 
Mitochondrial 

dynamics 

DRP1 1:1000 in BSA 5% In rabbit Cell Signalling 
Mitochondrial 

dynamics 

Fis1 1:1000 in Milk 
5% 

In rabbit Abcam 
Mitochondrial 

dynamics 

p-MuSK (Tyr755) 1:1000 in Milk 
5% 

In rabbit Abcam 
Postsynaptic 

scaffold 

MuSK 1:1000 in Milk 
5% 

In rabbit Abcam 
Postsynaptic 

scaffold 

Neurofilament H 1:1000 in Milk 
5% 

In mouse Cell Signalling 
Presynaptic 
organization 

Neurofilament L 1:1000 in BSA 5% In rabbit Cell Signalling 
Presynaptic 
organization 

Xanthine 
Oxidoreductase 

1:1000 in Milk 
5% 

In rabbit Abcam Nitrate 
metabolism 

Sialin 1:1000 in Milk 
5% 

In rabbit Abcam 
Nitrate 

metabolism 

GAPDH 1:3000 in Milk 
5% 

In rabbit Abcam Housekeeping 

HRP-conjugated 
α-mouse 

1:5000 in Milk 
5% 

In donkey Dako Secondary 
antibody 

HRP-conjugated 
α-rabbit 

1:10000 in Milk 
5% 

In donkey Cell Signalling 
Secondary 
antibody 

Table 1. List of antibodies used for Western Blot evaluations. GAPDH is the housekeeping used for 
normalization. Secondary antibodies are the last two of the list. 

The inverted bands presented on the scanned images were quantified with Adobe Photoshop 

program and a BAP value (Brightness Area Product), given by the product of the brightness and the 

area of the band itself, is defined. The target protein levels were then normalized with respect to 

the amount of a housekeeping protein (ubiquitously and stably expressed and well conserved in any 

of the conditions under investigation), or evaluated between two different isoforms (as for example 

a phosphorylated and unphosphorylated total forms) of the same protein. The housekeeping 

protein is a protein ubiquitously and stably expressed in the cells and well conserved in any of the 

conditions under investigation at high rates and so GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase, a key cytoplasmic enzyme involved in glycolysis) was chosen for this duty. Data 

were expressed as the ratio between the BAP of target protein and of housekeeping/total protein 

form (arbitrary units, AU). 

Western Blot for poli-Ubiquitinated proteins 
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Following the previously well described procedure for general Western Blot protocol, the detection 

of poli-Ubiquitinated proteins was performed in a similar way. 15 µg of quantified proteins were 

prepared with adjusted amounts of Laemmli Buffer 4X and PBS 1X and denatured at 95° C for 5 min. 

Following 5 min of acclimation at room temperature, a protein molecular weight marker and 

samples were loaded on gradient Precast acrylamide/bisacrylamide gels (Bio-Rad) and 

electrophoresis was carried out at constant current (100V) for about 2 hours in running buffer. At 

the end of the gel run, gels underwent transfer of proteins to a nitrocellulose membrane which, 

unlike PVDF membrane, do not need to be activated in methanol. The transfer was carried out at 

constant voltage at 100V for 2 hours at 4° C or at constant 35mA overnight (O/N) in cold transfer 

buffer. The effective protein transfer onto the membrane was verified by staining with Ponceau S 

red staining in acetic acid for 15 min under gentle shacking at room temperature, followed by 

washes to remove the excess and clear the membrane. 

Then, nonspecific binding sites present on the nitrocellulose membrane were saturated with a 

blocking solution consisting of 2% BSA in TTBS 1X for 2 hours at room temperature with constant 

shaking. At the end of incubation, the membrane was washed with TTBS 1X for three times 10 min 

each and incubated O/N at 4° C with the specific primary antibody against mono- and poly-

ubiquitinated proteins (1:2000, EnzoLife) in 2% BSA in TTBS 1X. Subsequently, membranes were 

washed three times in TTBS 1X and then incubated 1 hour at room temperature with constant 

agitation, with the HRP-conjugated donkey anti-mouse secondary antibody (1:5000, Dako) in 5% 

fat-free milk in TTBS 1X. After final three washes of 10 min each in TTBS 1X, the last one was made 

in TBS 1X. Proteins detection was made by using Amersham ECL Select™ detection system (Cytiva 

Life Sciences, ex GE Healthcare) and the membrane was gained through the ImageQuant™ LAS 4000 

software (GE Healthcare Life Sciences), with the exposure time adjusted in an automatic manner or 

editable depending on the intensity of the emitted signal. Analysis of these protein signals occurred 

as previously mentioned, with the exception of the normalization passage, performed with respect 

to the amount of total protein content evaluated in the nitrocellulose membrane through a 

digitalized image of the membrane stained with Ponceau S. Data were expressed as the ratio 

between the BAP of target protein and of total protein amount stained with Ponceau S (arbitrary 

units, AU). 

Western Blot for OXPHOS 
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Following the previously well described procedure for general Western Blot protocol, the detection 

of the five mitochondrial complexes that make up the respiratory chain can be performed in the 

same PVDF membrane by using a cocktail of the five antibodies targeting the five proteins. 5 µg of 

quantified proteins were prepared with adjusted amounts of Laemmli Buffer 4X and PBS 1X and 

denatured at 37° C for 5 min. Following 5 min of acclimation at room temperature, a protein 

molecular weight marker and samples were loaded on gradient Precast acrylamide/bisacrylamide 

gels (Bio-Rad) and electrophoresis was carried out at constant current (100V) for about 2 hours in 

running buffer. At the end of the gel run, gels underwent transfer of proteins to a PVDF membrane 

prior to methanol activation. The transfer was carried out at constant voltage at 100V for 2 hours at 

4° C or at constant 35mA overnight (O/N) in cold transfer buffer. 

Then, nonspecific binding sites present on the PVDF membrane were saturated with a blocking 

solution consisting of 5% fat-free milk in TTBS 1X for 2 hours at room temperature with constant 

shaking. After that, membranes were washed three times, 10 min each, with TTBS 1X and incubated 

O/N at 4° C with the specific primary antibody against the mitochondrial complexes of the 

respiratory chain (OXPHOS 1:1000, Abcam) in 5% fat-free milk in TTBS 1X. Subsequently, membranes 

were washed three times in TTBS 1X and then incubated 1 hour at room temperature in constant 

agitation, with the HRP-conjugated donkey anti-mouse secondary antibody (1:10000, Dako) in 5% 

fat-free milk. After final three washes of 10 min each in TTBS 1X, the last one was made in TBS 1X. 

Proteins detection was made by using Amersham ECL Select™ detection system (Cytiva Life 

Sciences, ex GE Healthcare) and membranes gained through the ImageQuant™ LAS 4000 software 

(GE Healthcare Life Sciences), with the exposure time adjusted in an automatic manner or editable 

depending on the intensity of the emitted signal. After, to visualize the total protein amount present 

on the membrane, these were subjected to a Coomassie PVDF-specific staining (0.1 % Coomassie 

Blue R-250, 50 % Methanol, 10 % Acetic Acid) for 20 min and destained with a destain solution 

composed by 40% Methanol and 10% Acetic Acid. Air dried membranes were then digitalized with 

a scanner and analysed. Data were expressed as the ratio between the BAP of samples from each 

of the five complexes and of total protein amount stained with Coomassie (arbitrary units, AU). 

Gene Expression Analysis 

- RNA extraction from muscle tissue 

Frozen muscle tissues were pulverized using a sterile pestle and mortar previously treated with 

RNase Zap (Sigma-Aldrich) to remove any trace of RNase presence. Approximately 20 mg of powder 
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of each sample was used to RNA extraction with SV Total RNA Isolation System (Promega, Italia). 

The successful isolation of intact RNA requires four essential steps: (i) effective disruption of cells or 

tissue, (ii) denaturation of nucleoprotein complexes, (iii) inactivation of endogenous ribonuclease 

(RNase) activity and (iv) removal of contaminating DNA and proteins. The most important step is 

the immediate inactivation of endogenous RNases that are released from membrane-bound 

organelles upon cell disruption. The SV Total RNA Isolation System combines the disruptive and 

protective properties of guanidine thiocyanate (GTC) and β-mercaptoethanol to inactivate the 

ribonucleases present in cell extracts. GTC, in association with SDS, acts to disrupt nucleoprotein 

complexes, allowing the RNA to be released into solution and isolated free from proteins. Dilution 

of cell extracts in the presence of high concentrations of GTC causes selective precipitation of 

cellular proteins, while the RNA remains in solution. After centrifugation to clear the lysate of 

precipitated proteins and cellular debris, the RNA is selectively precipitated with ethanol and bound 

to the silica surface of the glass fibres found in the Spin Basket. By effectively clearing the lysate of 

precipitated proteins and cellular debris, these cleared lysates may be bound to the Spin Baskets by 

a centrifugation filtration method. The binding reaction occurs rapidly due to the disruption of water 

molecules by the chaotropic salts, thus favouring the absorption of nucleic acids to the silica. RNase-

Free DNase I is applied directly to the silica membrane to digest contaminating genomic DNA. The 

total bound RNA is further purified from contaminating salts, proteins and cellular impurities by 

simple washing steps. Finally, the total RNA is eluted from the membrane by the addition of 

Nuclease-Free Water. This procedure yields an essentially pure fraction of total RNA after only a 

single round of purification without organic extractions or precipitations. Quantification of extracted 

RNA was then performed by using the Nano Drop. Basically, a drop of an mRNA sample (equal to 2 

μl) is exposed to ultraviolet light at 260 nm and, through a photodetector, the light that passes 

through the sample is measured. The more the light is absorbed by the sample, the higher the 

concentration of nucleic acid content is. We also evaluated any contamination by proteins and 

aromatic components by evaluating the ratio of the absorbance at 260 and 280 nm (A260/280), 

which for pure RNA is ~1.98-2. 

In order to measure messenger RNA (mRNA), it is necessary to convert mRNA into complementary 

DNA (cDNA) by the activity of a reverse transcriptase enzyme. The nucleic acid product will be then 

amplified by Real Time PCR. In this study, 300 ng of RNA for each sample were reverse transcribed 

using the Superscript III enzyme (Invitrogen). The protocol was as follows: in 300 ng of RNA of each 

sample were added 1 μl of random primers, 1 μl of deoxyribonucleosides (dATP, dGTP, dCTP and 
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dTTP 10mM each at neutral pH) and RNase-free water to reach the end volume of 13.5 μl. The mix 

obtained was denatured at 65° C for 5 min to eliminate secondary complex structures and incubated 

on ice for at least 1 min. Then, 4 μl of First-Strand Buffer 5X, 1 μl of DTT 0.1M, 1 μl of RNaseOUT™ 

Recombinant RNase Inhibitor (40 units/μl) and 0.5 μl of SuperScript™ III RT (200 units/μl) were 

added. The mixture thus composed was incubated at 25° C for 5 min and at 50° C for 60 min 

(annealing and extension steps). After that, the temperature was increased to 70° C for 15 min to 

inactivate the reaction and the samples stored at 4° C, or eventually stored at -20° C for further 

analyses. 

- Primer evaluation 

Primers were previously designed using Primer3Plus (Bioinformatics) software, and tested in order 

not to pair to each other. Moreover, they were purchased lyophilized from Sigma-Aldrich Company 

and resuspended in sterile water at the final concentration of 100 μM. The concentration suitable 

for the Real Time PCR protocol is 50 μM each. They are currently available stored at -20° C. The 

primers used for this project are listed below (Table 2). 

Gene target Forward 5’ – 3’ Reverse 5’ – 3’ Indicative 
pathway 

MuRF1 ACCTGCTGGTGGAAAACATC CTTCGTGTTCCTTGCACATC Catabolism 

Atrogin-1 GCAAACACTGCCACATTCTCTC CTTGAGGGGAAAGTGAGACG Catabolism 

HDAC4 CAGACAGCAAGCCCTCCTAC AGACCTGTGGTGAACCTTGG Denervation 

Gadd45α GAAAGTCGCTACATGGATCAGT AAACTTCAGTGCAATTTGGTTC Denervation 

MyoG GTGCCCAGTGAATGCAACTC CGAGCAAATGATCTCCTGGGT Denervation 

Runx1 CGGTAGAGGCAAGAGCTTCAC CGGGCTTGGTCTGATCATCT Denervation 

NCAM1 TGTTCAAGCAGACACACCGT GGTTTCCACTCAGAGGCGAG Denervation 

AChRα GTAGAACACCCAGTGCTTCCA GCCCGACCTGAGTAACTTCAT Postsynaptic 
scaffold 

AChRγ CCTGTGGATATTGAGGGTGCC CCAGTAGATACAACCGTCGGG Postsynaptic 
scaffold 

SIRT1 Purchased from TaqMan® (Promega) Metabolism 

PGC1α ACCCCAGAGTCACCAAATGA CGAAGCCTTGAAAGGGTTATC Metabolism 

TFAM Purchased from TaqMan® (Promega) Metabolism 

p62 CCCAGTGTCTTGGCATTCTT AGGGAAAGCAGAGGAAGCTC Autophagy 

BNIP3 TTCCACTAGCACCTTCTGATGA GAACACCGCATTTACAGAACAA Autophagy 
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IGF1 CTCAGAAGTCCCCGTCCCTA ATTTTCTGCTCCGTGGGAGG Metabolism 

BDNF TGGCCCTGCGGAGGCTAAGT AGGGTGCTTCCGAGCCTTCCT Presynaptic 
organization 

NT4 AGCGTTGCCTAGGAATACAGC GGTCATGTTGGATGGGAGGTATC Presynaptic 
organization 

GAPDH CACCATCTTCCAGGAGCGAG CCTTCTCCATGGTGGTGAAGAC Housekeeping 

Table 2. List of primers used for rt-PCR evaluations. GAPDH is the housekeeping used for 
normalization. Both primers (forward and reverse) are written in 5’ -> 3’. 

- Real Time PCR 

Real Time Polymerase Chain Reaction (rt-PCR) is the ability to monitor the progress of the PCR as it 

occurs (i.e. in real time) and represents a quantitative method for the amplification of DNA. The 

reaction is characterized by the point in time during cycling when amplification of a target achieves 

a fixed level of fluorescence rather than the amount of traditional PCR product accumulated after a 

fixed number of cycles (PCR end-point). Data is therefore collected throughout the PCR process, 

rather than at the end of the PCR. To make this possible, the use of fluorescent molecules or probes 

is required, which allow following in real time and quantifying the amplification reaction. In our case, 

the SYBR Green I dye probe is used, a highly specific, double-stranded DNA binding fluorescent 

molecule that is able to detect all double-stranded DNA, including non-specific reaction products 

through binding to the minor groove of the DNA double helix. This is the reason why a primer 

evaluation is required in order to eliminate any chance to have artefacts in fluorescence levels given 

by primer pairs or amplification of unwanted genes. 

cDNA samples were prepared using the SYBR™ Green PCR Master Mix (Applied Biosystems, 

Warrington, UK) consisting of a HotStart Taq DNA Polymerase, a SYBR Green I probe, MgCl2 at a 

concentration of 5 mM, dNTPs and the fluorescent ROX passive reference dye. The latter serves as 

an internal reference to normalize the signal emitted by the SYBR Green I probe, thereby enabling 

to correct possible variations between the wells due to experimental errors and/or due to 

fluctuations of the fluorescence. For each gene to be studied, the reaction was carried out in 

duplicate. The mixture is thus composed: 15 μl of SYBR Green PCR Master Mix 2X, 0.6 μl of oligo 

primers (50 μM) specific to each gene, 3 μl of cDNA mold of each sample and 12 μl of sterile H2O to 

bring to an end volume of 30 μl. The reaction was performed using the AB PRISM 7500 instrument 

(Applied Biosystems, Warrington, UK). The protocol used for the reaction of gene amplification 

consists of four steps: a pre-incubation cycle of 10 min at 95° C to activate the HotStart Taq 

polymerase and denature the cDNA. 45 cycles of amplification, each of them divided into a phase in 
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which the sample is brought to 95° C for 15 sec for denaturation, a step of 60 sec at 60° C in which 

there is the annealing of primer and a step of 30 sec at 72° C in which the elongation of the cDNA 

strand occurs. In this last phase, the probe intercalates cDNA and acquires the basic fluorescence to 

be quantified. 

- Analysis of Melting curve 

Through the analysis of a graph, in which the abscissa is the number of cycles and the ordinate the 

logarithm of the fluorescence (Rn), a sigmoid is obtained for each sample, in which three phases can 

be discrimined: a flat trend, a region of exponential increase and a plateau phase (Figure 14). An 

amplification plot graphically displays the fluorescence detected over the number of cycles that 

were performed. 

 

Figure 14. Model of a single sample amplification plot. In the baseline, no significant change in 
fluorescence signal (Rn) occurs; in the exponential phase, fluorescence signal increases in proportion to 
the increasing formation of amplification products. The threshold line is the level of fluorescence signal 
automatically determined by the software and it is set to be above the baseline and sufficiently low to 
be within the exponential growth region of the amplification curve. The Ct cycle is the number of 
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amplification cycles when the fluorescence signal cross the threshold (from 
https://www.ncbi.nlm.nih.gov/genome/probe/doc/TechQPCR.shtml). 

As schematized in Figure 14, during the initial cycle of PCR there is no significant change in 

fluorescence signal. This predefined range of PCR cycles is called baseline. The software generates 

a baseline subtracted amplification plot by calculating a mathematical trend using Rn values (the 

fluorescence emission intensity of the reporter dye) corresponding to the baseline cycles. Then, on 

the amplification plot, an algorithm searches for the point at which the ΔRn (Rn - baseline) crosses 

the threshold. The fractional cycle at which this occurs is defined as the Ct. Data is automatically 

analysed by the software once you have chosen the central point of the exponential part of the 

curve for the sample with the highest concentration (the one that reaches the loop-line after a 

smaller number of cycles). In the relative quantification, the concentration of the gene of interest 

(target) is expressed as a function of the concentration of a reference gene (housekeeping gene), 

which is assumed to be constant between the different tissues of an organism, in all stages of 

development (constitutively expressed) and should not suffer modifications due to the 

experimental treatment. In our case, to normalize the samples it was chosen the housekeeping gene 

GAPDH (Glyceraldehyde 3-phosphate dehydrogenase). The ΔCt was calculated by subtracting the Ct 

of control mice (Young CTRL) to the Ct of Old groups for both target genes and housekeeping gene. 

Values thus obtained by the target genes were normalized on the values obtained by the 

housekeeping gene. 

Statistical Analysis 

Data are represented as mean values ± SD. Data were tested for normal distribution by the Shapiro-

Wilk test. The statistical significance of differences between two groups (Young CTRL vs Old CTRL) 

was evaluated by Student’s t-test (unpaired, 2-tailed) with Welch’s correction. The statistical 

significance of differences between more than two groups (Old groups) was evaluated by ordinary 

one-way ANOVA followed by the Tukey multiple comparisons using statistical hypothesis testing. 

The level of significance was set at p < 0.05. The statistical analyses were performed by GraphPad 

Prism software (GraphPad Software, San Diego, CA, USA). 
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RESULTS AND DISCUSSION 

1. Age-related changes in male wild-type mice 

1.1 Body composition, muscle phenotype and muscle mass 

Body weight of Young CTRL (7-months old) and Old CTRL (24-months old) male mice was measured 

prior to sacrifice. Following hindlimb muscle dissection, the four major muscles that compose the 

posterior legs of the mouse (Gastrocnemius, Soleus, Tibialis Anterior and Extensor Digitorum 

Longus) were weighted and compared between the two cohorts (Table 3). The choice to dissect and 

analyse these muscles finds its basis in the variegated phenotypic characteristics that each muscle 

has, in parallel with the different roles they cover in the activity of the hindlimb (postural or 

movement). 

 

Table 3. Body weight of mice and individual weights of hindlimb skeletal muscles. Body weights are 
expressed in grams (gr) and are presented as the means ± SD. Weights of hindlimb muscles are the 
resultant of the weight of isolated muscles normalized by the body weight of the mouse, depicted as 
means of left and right muscles and expressed in milligrams (mg). The * denotes a significant difference 
among the groups. Difference is considered significant when P < 0.05. 

Body weight, the first line of evaluation of body mass, increased in old littermates even if no 

significance is valuable (p = 0.06). On the other hand, individual hindlimb muscles normalized per 

body weight showed a strong significant decrease in their weight, assessing a loss of muscle mass 

at the level of the hindlimb. The effects of ageing in these parameters suggested us a decrease of 

muscle mass, the main parameter used to decree a sarcopenic profile, in a physiological system that 

replaced this mass with other tissues (i.e. adipose tissue and fibrotic infiltrations, see Figure 17, 

panel a/c). 
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In order to characterize the phenotype of aged mice in comparison with a young cohort, different 

muscles were taken under investigation to have a plenary scenario of the time window we were 

evaluating and discriminate the key features representative of ageing. Gastrocnemius, a massive 

muscle involved in movement and posture, Soleus mainly recruited in postural maintenance, and 

Diaphragm, the major respiratory muscle, were evaluated in their phenotypic profile by assessing 

the percentage of myosin heavy chain (MHC) fast and slow isoforms on transversal sections (Figure 

15). 

 

Figure 15. Immunohistochemical analyses for the evaluation of MHC isoforms that constitute the 
muscles under investigation. a) graphic representation of Gastrocnemius, Soleus and Diaphragm 
evaluated in their MHC content. First row expresses the percentage of fibers positive for MHC-1 isoform 
over the entire fiber population; second row expresses the percentage of fibers positive to MHC-fast 
isoforms over the entire fiber population. Exception is made by diaphragm, where the percentage is 
calculated over a fixed amount of cells (300), due to a partial dissection of this muscle, even involved in 
other evaluations. The * denotes a significant difference among the groups. Difference is considered 
significant when P < 0.05. b) Representative images of IHC in muscles subjected to MHC-1 specific 
staining, scale bar 100 µm.  

Elderly muscles showed a significant increase in slow MHC-1 positive fibers, except for Soleus, and 

no significative changes in the presence of MHC-fast positive fibers, with a visible tendency to 

decrease in all the three old muscles under investigation. The reduced experimental number studied 

could be explicative of a missing significant difference in some cases. An increase in oxidative fibers 

within a muscle is notoriously associated with ageing (Brocca et al, 2017): an augment in slow MHC 

expression can be the resultant of a gradual shift of isoforms from the glycolytic to the oxidative 

ones. This event favours the protection of the muscle from atrophy and loss of fibers due to 

degeneration. Glycolytic fast fibers are the ones more susceptible to detrimental stimuli and ageing 
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can cause a numerical reduction of those fibers with consequent loss of mass (Nilwik et al, 2013), 

while oxidative ones are more resistant to this outcome, in an effort to reduce muscle mass loss and 

preserve it. In our experimental groups, old mice fitted perfectly into an oxidative phenotypic 

scenario, independently from muscle type. Soleus, which is representative of a highly oxidative 

muscle, did not show any significant variance in MHC composition, speculating that the oxidative 

component was not particularly affected and so this muscle was preserved from an age-dependent 

MHC isoform shift. 

Regarding loss of muscle mass, a relatable parameter useful to assess atrophy is the analysis of the 

cross sectional area (CSA), by means the average area of transversal fibers (Figure 16). We measured 

the CSA of Gastrocnemius, Soleus and Diaphragm of young and elderly mice and we assessed a 

significant reduction of the fibers’ areas in Gastrocnemius, which is strongly linked to the isolated 

dissected muscle weight shown in Table 3. Despite the overt atrophy of Gastrocnemius fibers, 

Soleus and Diaphragm did not show significant loss of mass, in accordance with the literature, in 

which selective atrophy of fast glycolytic fibers is assessed (Greising et al, 2013; Mobley et al, 2017). 

Considering that Soleus is mainly composed by oxidative fibers and Diaphragm of 24-mo mice 

displays a shift in favour of slow fibers, it is not surprising that atrophy is not strongly visible: the 

function of these two muscles, mainly involved in postural maintenance and respiration, needs to 

be maintained and their activity so stimulated because of their requirement throughout the lifespan 

of an individual. 

 

Figure 16. Cross sectional area (CSA) analyses of transversal fibers from Gastrocnemius, Soleus and 
Diaphragm. a) graphical representation of CSA of the muscles under investigation, in their total amount 
of fibers, expressed in µm2. The * denotes a significant difference among the groups. Difference is 
considered significant when P < 0.05. b) Representative images of transversal sections of muscles 
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subjected to immunofluorescence. Green channel represents the dystrophin, a marker of the plasma 
membrane. Scale bar 100 µm. 

Loss of muscle mass or, at least, a decrease in fibers’ average area can be related to degenerative 

phenomena and associated regeneration, in an attempt to recover from a damaged condition. 

Moreover, atrophy and degeneration of muscle fibers can leave space to interstitial infiltrates and 

growing adipose tissue presence, which together can be causative of a dysfunctional activity of the 

skeletal muscle (Shang et al, 2020). 
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Figure 17. Histochemical evaluations on Gastrocnemius and Soleus. a) and b) display the percentage 
of fibers with central nuclei up to the total amount of fibers composing the muscle section. c) and d) 
display the percentage of collagen infiltrated among the fibers and stained with Picro Sirius Red. 
Percentage is calculated as the ratio between the fibrotic area stained in red over the total area of the 
muscle section. The * denotes a significant difference among the groups. Difference is considered 
significant when P < 0.05. b) Representative images of transversal sections of muscles acquired with a 
fluorescence microscopy. Green channel represents the dystrophin, a marker of the plasma membrane; 
blue channel represents the muscle nuclei marked with DAPI. Scale bar 100 µm. d) Representative 
images of transversal section of muscles acquired with an optical microscope. Red staining identifies 
collagen and yellow areas denote the transversal skeletal muscle fibers. Scale bar 100 µm. 

By the histochemical analyses of Gastrocnemius and Soleus depicted in Figure 17, an increase in 

centronucleation was visible in both muscles, with a prominent trigger of the central localization in 

the Gastrocnemius (p = 0.07). One of the peculiarity of the post-mitotic skeletal muscle tissue is the 

peripheral localization of the nuclei following maturation and establishment of the contractile 

apparatus within the sarcoplasm, which pushes the nuclei in the periphery of the fiber. A damage 

of fibers can be causative of a rearrangement in the localization of the myonuclei, which are 

indicative of a regenerative process triggered by the stimulus of maintaining a homeostatic 

equilibrium and restore the damage. During ageing, damages of fibers arose from different causes 

and the loss of muscle mass, clearly occurring in Gastrocnemius, stimulated the regeneration 

processes to recover in part from an advancement of atrophy (Srikuea et al, 2020). Regarding the 

evaluation of the fibrotic infiltration within the muscle, old mice showed a significant increase in 

collagen deposition among the fibers in both muscles evaluated. The deposition of a non-contractile 

tissue can compromise the function of the muscle, in line with the typical outcomes of sarcopenia 
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(Mann et al, 2011). Diaphragm data are not shown in these panels due to a non-significant presence 

of centronucleated fibers and fibrotic tissue infiltration. 

A decrease in CSA and a damaged outline of muscle fibers found in the old mice cohort framed our 

elderly animal model in an atrophic profile. Different mechanisms are found to be involved in the 

progression of atrophy, by means of alterations of molecular pathways involved in maintenance of 

muscle mass and turnover of proteins/components in order to sustain a functional homeostasis 

within the muscle. Two parallel phenomena are notoriously involved in this pattern: muscle protein 

synthesis (MPS, Figure 18a) and muscle protein breakdown (MPB, Figure 18b/c). From now on we 

decided to focus our studies and observations on Gastrocnemius due to the preliminary important 

age-related changes and to the relevance this muscle covers in the hindlimb movement. 

 

Figure 18. Muscle protein synthesis and muscle protein breakdown in Gastrocnemius. In panel a) the 
major factors involved in the mTOR synthetic pathway, juxtaposed with representative Western Blot 
images. Analysis is the result of the ratio between the phosphorylated isoform of the protein and the 
amount of the total protein. In panel b) the transcript levels of the two main muscle atrogenes involved 
in protein degradation, accompanied by the levels of mono- and poly-ubiquitinated proteins (c) in 
Young and Old cohorts (with representative Western Blot image and corresponding Ponceau S 
staining). The * denotes a significant difference among the groups. Difference is considered significant 
when P < 0.05. 
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MPS and MPB are normally found in equilibrium in a physiological system and a cross-talk is 

necessary for the maintenance of muscle mass. Once an unbalance occurs, the predominance of 

one over the other or a downregulation of one not compensated by the other can lead to a loss of 

mass. We analysed the protein levels of the phosphorylated active factors involved in the protein 

synthesis promotion guided by mTOR, a key protein for this pathway (Yoon, 2017). No change was 

visible in this pathway in any of the different levels of the cascade activity studied. Levels of 

phosphorylation did not change, meaning that there was no stimulus in pushing the synthesis of 

newly functional proteins all over Gastrocnemius. Conversely, degradation of proteins promoted by 

ubiquitin-ligase atrogenes MuRF1 and Atrogin-1 had a significant upregulation in elderly animals, 

confirmed by the levels of mono- and poly-ubiquitinated proteins significantly increased in old mice. 

Induction of atrogenes is modulated by FoxO transcriptional activity, mainly controlled by Akt. A 

decrease in Akt levels diminishes the probability to phosphorylate its substrates and thus inactivate 

FoxO, which can then translocate into the nucleus and promote transcription of atrogenes. 

Upregulation of atrogenes is found strictly related to atrophy (Sandri et al, 2004). In our case, a basal 

level of Akt phosphorylation was maintained in both ages under investigation, as it occurred for all 

the downstream factors involved in the Akt-mTOR pathway (as previously demonstrated by Perry Jr 

et al, 2016). By the way, basal levels of Akt in both ages did not match to increased expression of 

atrogenes only in ageing, meaning that other pathways interfered to activate FoxO transcriptional 

activity and thus to enhance the degradative pathway during ageing. No variances in the protein 

synthesis pathway in the Gastrocnemius was even observed by Kim and colleagues, in which ageing 

did not particularly affect mass maintenance-related pathways in muscles under investigation, apart 

from the diaphragm in which synthesis was enhanced in an effort to preserve the vital function of 

respiration. The idea that maintenance and any variances in muscle mass occur in a muscle type-

dependent manner, as demonstrated in Kim’s work, strengthens us to deeply focus on 

Gastrocnemius (Kim et al, 2020). 

Overall, 24-months old mice showed a general atrophic profile strictly linked to an age-related 

sarcopenia in which muscle mass was lost due to an enhanced degradation pathway not 

counterbalanced by protein synthesis and thus correct protein turnover. Loss of muscle mass was 

even associated with fibrotic infiltration and regenerative phenomena in order to restore from the 

advancement of atrophy, in part counteracted by a shift to slow MHC, notoriously resistant to 

atrophy and final degeneration. 



88 
 

1.2 Effects of ageing on the autophagic flux 

Autophagy is the process though which cells remove damaged components, promoting clearance 

of dysfunctional organelles (or part of those) and avoiding accumulation of abnormal organelles and 

toxic elements that eventually lead to an impairment in basal cell function and its degeneration. 

This process is modulated in order to find a balance with the synthesis of newly functional 

components in a turnover model which should reward the health of the cell. The autophagic flux is 

modulated by various stimuli and signalling processes triggered by different physiological contexts. 

Uncontrolled activation or an unexpected delay in autophagic interventions can be detrimental for 

the stability of the cell and, regarding muscle fibers, can compromise the maintenance of muscle 

mass and the ability of the contractile apparatus to properly function (Masiero et al, 2009). We 

firstly evaluated key proteins involved in the progression of the autophagic machinery in order to 

evaluate the state of the art in Gastrocnemius of 24-mo mice (Figure 19). 

 

Figure 19. Factors involved in the progression of autophagy. a) Transcript levels of p62 in Young CTRL 
vs Old CTRL mice. b) Protein levels of p62 normalized on GAPDH and LC3B II normalized on LC3B I in 
Young CTRL vs Old CTRL mice. Graphs are accompanied by representative Western Blot images. The * 
denotes a significant difference among the groups. Difference is considered significant when P < 0.05. 

p62, a scaffold protein that specifically binds to ubiquitinated protein aggregates to target them for 

degradation, did not show any perturbation in its transcript levels in Old CTRL compared to Young 

littermates. It was interesting, however, to see significantly high protein levels of p62 in elderly mice. 

An accumulation in p62 is mostly associated with a slower or inhibited autophagic flux, while lower 

protein levels are linked to an active process that leads to degradation of marked ubiquitinated 

elements, with the attached targeting proteins (as for example p62; Bjørkøy et al, 2009). Protein 

levels that significantly increase did not reflect the transcript levels, meaning that the accumulation 

of p62 was not positively provoked by transcription of its mRNA. 



89 
 

p62, being recognized as an ubiquitin-linked flag of components that need to be degraded, is 

recognized by factors exposed on the surface of the phagosome to initiate the process. Among 

those, LC3B is the main studied for the evaluation of autophagy. Two isoforms are physiologically 

found: the lipidated LC3B II isoform, that is actively found exposed in nascent phagosomes and the 

pre-assembled LC3B I isoform. To monitor the autophagic flux, LC3B II levels are usually taken into 

account. In Old CTRL group, no changes in LC3B II levels compared to young littermates were visible, 

meaning that the autophagic flux had no fully efficient outcomes at the level of autophagosome 

formation. p62, accumulated within the cell and on the surface of damaged components, was thus 

not sufficiently bound to LC3B II and those components were not efficiently degraded. This theory 

is in line with the sarcopenia features, in which an impaired autophagy is causative of muscle mass 

loss and impaired functionality (Sakuma et al, 2016). 

To complete the evaluation of this pattern, factors specifically involved in mitochondrial 

degradation were then studied. Upon activation and recruitment on the outer mitochondrial 

membrane, these factors trigger modifications of specific residues so as to promote the recognition 

of the damaged organelle by the autophagic machinery (in a process called mitophagy). PINK1 

accumulates on the surface of the mitochondria when a depolarization of mitochondrial membrane 

potential occurs, decreeing its dysfunction. It is a kinase that causes the phosphorylation of different 

molecules to activate a signal cascade. Among those, cytosolic Parkin, an ubiquitin-ligase, once 

phosphorylated by PINK1, is recruited itself by the damaged organelle and promotes ubiquitination 

of mitochondrial components that are eventually recognized by p62. BNIP3, on the other hand, 

when exposed on the outer mitochondrial membrane, directly binds to and so recruits 

autophagosomes. In Figure 20, age-related changes in mitophagy were studied. 

 

Figure 20. Factors involved in the progression of mitophagy. a) Transcript levels of BNIP3 in Young 
CTRL vs Old CTRL mice. b) Protein levels of PINK1 and Parkin, with GAPDH as housekeeping, evaluated 
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in Young CTRL vs Old CTRL mice. Graphs are accompanied by representative Western Blot images. The 
* denotes a significant difference among the groups. Difference is considered significant when P < 0.05. 

BNIP3 transcript levels did not change during ageing, so there was no enhancement of 

autophagosome recruitment at the level of mitochondria in elderly mice. PINK1 protein levels, in 

the same way, did not change in 24-mo mice compared to the young cohort, but interestingly, Parkin 

levels were highly increased during ageing. The fact that Parkin promoted its “ubiquitinating” 

activity was demonstrated in part by increased p62 levels previously assessed. The impairment in 

this flux was still ascribable to LC3B II levels, which did not cope with increasing Parkin/p62 protein 

levels. 

Overall, by evaluating the autophagic/mitophagic flux in 24-mo mice compared to young CTRL, an 

impaired autophagic flux was assessed, due to p62 accumulation that was not correctly degraded 

by LC3B II-mediated phagosomes. Moreover, mitophagy process was maintained at baseline levels, 

apart from Parkin overexpression. In the literature, the accumulation of p62/Parkin, together with 

other autophagic factors, was demonstrated to be detrimental for mitochondrial quality (Goljanek-

Whysall et al, 2020). 

1.3 Effects of ageing on mitochondrial parameters 

It is well known from the literature that mitochondrial function and its health is highly relevant for 

a general beneficial homeostasis of cells. Since skeletal muscle is a tissue of a high energy demand, 

maintaining an efficient mitochondrial network in this district is of particular importance for carrying 

out all the functions of this tissue. 

We firstly investigated parameters relative to mitochondrial mass in order to evaluate how ageing 

affects the density of these organelles. Protein levels of TOM20, a component of the translocase of 

the outer mitochondrial membrane, and Citrate Synthase (CS), an enzyme of the mitochondrial 

matrix, were studied (Figure 21). 
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Figure 21. Protein levels of mitochondrial mass markers TOM20 and CS and relative amount of 
complexes that form the mitochondrial respiratory chain in Gastrocnemius. a) A significant increase 
in protein level is assessed in old mice compared to young littermates. Beside, representative Western 
Blot images of the two proteins with corresponding GAPDH levels for normalization. b) Protein level of 
the five complexes the respiratory chain is formed by, juxtaposed with representative Western Blot 
images (c). Significative trends are not visible in all the complexes, suggesting different involvements 
and implications in mitochondrial function. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

Levels of both mitochondrial mass markers significantly increased during ageing. This result goes in 

contrast with the notion that ageing promotes a decrease in mitochondrial density and therefore 

the respective altered functionality. By the way, a change in mitochondrial morphology and the 

surveys of larger organelles with a higher density has been demonstrated in elderly mice through 

the electron microscopy technique (Leduc-Gaudet et al, 2015), accompanied by a changed 

orientation of mitochondria from longitudinal towards transverse orientation, in which assume a 

bigger elongated and branched shape (del Campo et al, 2018). Moreover, we investigated the 

amount of the complexes composing the mitochondrial respiratory chain, indicative of 

mitochondrial density and function: a significant increase in protein content was not equal among 

all the five complexes during ageing. Complexes I, III and IV were found to be highly expressed in 

elderly mice compared to young littermates. These three complexes are strongly assembled and 

dependent to each other to form the so-called supercomplexes (respirasome). Different 

experiments demonstrate how a selective downregulation of one of those reduces the probability 
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to form the functional respirasome (Li et al, 2007 on complex IV; Bhardwaj et al, 2021, on complex 

I positively regulated by IGF1 and negatively by FoxO-mediated downregulation). A direct relation 

is even occurring between the supercomplexes assembly and the shape of the cristae (Cogliati et al, 

2013), highly important for mitochondrial functionality and undergoing remodelling during ageing, 

altering thus the mitochondrial membrane potential which causes ATP synthase loss of functional 

dimerization (Daum et al, 2013). However, even complex II is involved in the assembly of the 

functional respirasome, establishing thus a functional interaction beyond the respiratory chain (Jang 

and Javadov, 2018). It was demonstrated that an increase in the expression of the supercomplexes 

lead to lowered levels of Complex II, resulting in accumulation of succinate and downstream 

metabolic effects (Jiang et al, 2020). At the same level, an impairment in ATP synthase activity can 

occur, due to baseline levels our elderly mice cohort maintains. We can thus speculate a dysfunction 

in 24-mo mice mitochondria due to heterogeneous levels of mitochondrial complexes.  

Different explanations can be given and different pathways up- and/or downstream these factors 

can be called into question. We evaluated factors involved in mitochondrial biogenesis as a possible 

pattern causative of an increased mitochondrial mass. PGC1α (peroxisome proliferator-activated 

receptor-gamma coactivator-1α) is the major regulatory factor involved in the mitochondrial 

biogenesis and general energetic metabolism. During ageing, a decrease in mitochondrial mass is 

mostly associated to a decrease in PGC1α levels, but in our case the opposite trend of TOM20 and 

CS was not linked to PGC1α levels, which did not change in both ages under investigation (Figure 

22). Basal levels of this factor together with an inefficient autophagy could not correctly degrade 

mitochondria, leading to an accumulation. 

 

Figure 22. Protein levels of SIRT1 and PGC1α in Gastrocnemius, two of the major markers of 
mitochondrial biogenesis and energy sensors for the modulation of the metabolism. SIRT1, a 
deacetylase, and PGC1α, targeted by SIRT1 post-translational modification, do not change during 
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ageing. Beside, representative Western Blot images of the two proteins with corresponding GAPDH 
levels for normalization. Difference is considered significant when P < 0.05. 

However, PGC1α is strictly controlled and modulated in its biological activity by different factors, 

modification and interactions, due to its key role within the skeletal muscle and all the pathways, 

mechanisms and transcriptional factors it promotes to cope with environmental stimuli. A major 

aspect to take into account for this factor is its very short half-life (about 30 min, Adamovich et al, 

2013) which can hamper a real quantification of protein content within a muscle. Another aspect 

important for the regulation of its function and activity is related to all the post-translational 

modifications it undergoes. SIRT1, a NAD-dependent deacetylase sirtuin-1, is one of the upstream 

factors involved in the deacetylation of PGC1α and subsequent translocation into the nucleus, so as 

to favour its transcriptional activity. Ageing did not affect SIRT1 protein levels, meaning that its 

activity was maintained constant over its targets, especially on PGC1α. 

Another relevant factor involved in the modulation of PGC1α activity is AMPK. AMP-activated 

protein kinase, as the name suggests, is a kinase which activity is dependent by AMP concentration 

within the cell. It is well established as an energy sensor because of its activation following ATP 

depletion and subsequent increase of AMP concentration, meaning that cell is starving from the 

highly energetic molecule indispensable for various muscular functions. The activation of AMPK sets 

up a cascade of events in order to augment mitochondrial activity and blunt irrelevant energy-

consuming processes, preferring the stimulation of catabolism. These assumptions found a 

confirmation in the activity levels of MPS and MPB in 24-mo mice we studied (Figure 18). 

Anyway, together with SIRT1, AMPK promotes a post-translational modification on PGC1α (Cantò 

and Auwert, 2009), which can then translocate into the nucleus and induce transcription of genes 

involved in mitochondrial biogenesis, genes involved in oxidative metabolism and genes involved in 

the maintenance of a functional muscular apparatus in all its districts. Protein levels of AMPK and 

its activating phosphorylated modification were analysed in our experimental groups (Figure 23). 
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Figure 23. Protein levels of energy sensor AMPK, a sensor for the energetic status within the muscle 
fiber. The total protein amount and the phosphorylated (actively functional) are normalized by GAPDH 
housekeeping, while the amount of the active isoform over the total protein amount is depicted on the 
right, together with Western Blot images analysed. The * denotes a significant difference among the 
groups. Difference is considered significant when P < 0.05. 

Protein levels of the AMP-energy sensor in elderly mice did not show any age-dependent 

perturbation in its absolute protein content, but a significant increase of phosphorylation over the 

total protein content was visible in old littermates. This result suggested a compromised energetic 

status in Gastrocnemius fibers and a stimulated pathway due to an impaired AMP/ATP ratio. Even 

if the other parameters of the SIRT1/AMPK/PGC1α axis were not significantly changed in their 

protein level, the high phosphorylation of AMPK could be speculative of an increased kinase activity 

on those factors. This could be in part indirectly explicative of an increased mitochondrial mass, 

reinforced by an impaired autophagic flux (Figures 19/20). Moreover, an indirect but not remote 

interaction exists between ATP synthase and AMPK, which is activated following inhibition of ATP 

synthase in order to support a rapid glycolytic switch and elicit catabolic events (Hall et al, 2018; 

Contreras-Lopez et al, 2021). The increase in AMPK activation level found in old mice could be thus 

reflective of a heterogeneous expression level of ETC complexes that could be inefficient in the final 

ATP synthesis passage. 

Mitochondrial mass and health of this important organelle is regulated by dynamic processes it 

undergoes following different stimuli/signals. Mitochondrial dynamics enclose all those factors 

exposed on mitochondrial membrane which trigger and drive two different opposite processes, 

depending on the final aim and the issues it has to cope with. Fusion induces the formation of an 

extended interconnected mitochondrial network enabling the mitochondria to mix and redistribute 

their contents of metabolites, proteins, and mitochondrial DNA (mtDNA). An interconnected 

mitochondrial network prevents the local accumulation of defective/abnormal mitochondria. 
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Conversely, mitochondrial fission or fragmentation is a mechanism that segregates components of 

the mitochondrial network, which are dysfunctional or damaged, facilitating their removal via 

autophagy. Hence, dynamic regulation of the fusion-fission events adapts mitochondrial 

morphology to the bioenergetics requirements of the cell, in a system maintained under a balanced 

and controlled equilibrium. By the analysis of mitochondrial dynamics factors in order to evaluate 

any linkage among these processes and an increased mitochondrial mass, pro-fusion protein levels 

have been demonstrated to significantly increase in ageing (Figure 24). 

 

Figure 24. Mitochondrial dynamics on Gastrocnemius. In the upper panel a) pro-fusion proteins 
involved in the promotion of fusion processes among close mitochondria. All evaluated by protein 
amount over the housekeeping. In the lower panel b) pro-fission proteins involved in the advancement 
of fission of damaged portions of mitochondria to be easily cleared and removed. FIS1 and DRP1 are 
analysed over the housekeeping, while the phosphorylated isoforms of DRP1 are depicted here as the 
ratio among the phosphorylation and the total protein amount. Phosphorylation on Serine 616 
promotes fission pattern, while phosphorylation on Serine 637 hampers the activation of this 
mechanism. Graphs are accompanied by representative Western Blot images. The * denotes a 
significant difference among the groups. Difference is considered significant when P < 0.05. 

Fission parameters did not significantly change, despite DRP1 (dynamin-1-like protein) total protein 

content was increasing. An interesting work demonstrates how overexpression of DRP1 in elderly 

female mice promotes a mild atrophy and altered mitochondrial quality with dysfunctional 

respiration parameters and an increased expression of Complexes III and V only, together with an 

increased CS expression (Dulac et al, 2021). The overexpression of these mitochondrial parameters 
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did not correlate with an ameliorated mitochondrial respiration (ETC unequal components), 

meaning that this increase acted as a compensatory mechanism in order to try to recover. High 

levels of DRP1 per se can be either linked to other mechanisms beside fission, as mitochondrial 

localization within the muscle (due to its interaction with kinesin-1 complex that promotes a 

microtubule-dependent trafficking so as to place them within the nucleus, Giovarelli et al, 2020) and 

its shape remodelling and involvement in calcium homeostasis (Favaro et al, 2019). By the way, 

DRP1 undergoes itself post-translational modification in different residues, and this causes different 

effects on its activity. Phosphorylation at Ser-616 promotes a higher binding affinity to FIS1, in a pro-

fission model; while the attachment of a phosphate group at Ser-637 hampers the interaction site 

with FIS1, thus leaving the soluble DRP1 in the cytosol and inhibiting its functional translocation on 

the surface of mitochondria. In our conditions, there were no fluctuations in any of the 

phosphorylation levels of DRP1. These data suggested an unbalanced equilibrium of mitochondrial 

dynamics in favour of fusion, which promoted the formation of hyper fused tubular mitochondria 

not counteracted by an increased fission. 

In some conditions as exercise and starvation, elongated and interconnected mitochondria are 

evaluated as a defence mechanism to protect them from autophagosomal degradation, which could 

permit mitochondria to maximize energy production (Rambold et al, 2011). Nevertheless, in our 

elderly animals, autophagy/mitophagy was demonstrated to be impaired in its functional flux, 

indicating a non-correct clearance of damaged organelles: autophagic apparatus removes rather 

small fragmented mitochondria than huge ones, with the risk that damages accumulate in hyper 

fused ones. Elongated and fused mitochondria have been demonstrated to spare from autophagic 

degradation, possess more cristae (evaluated through electron microscopy approaches) and 

increase levels of dimerization and activity of ATP synthase in order to maintain ATP production 

under starvation (Gomes et al, 2011). In our case, an increase in mitochondrial pro-fusion proteins 

and an augment in mitochondrial mass markers independently by biogenesis suggested us an 

increase in the size of those organelles which, on the other hand, missed an increase in ATP synthase 

(Complex V of OXPHOS panel, Figure 21, panel b) so an impairment in the final step of the respiratory 

chain, speculating a malfunction of mitochondria in our 24-mo mice. 

To sum up, mitochondria, highly relevant due to their energy supply for all the functional 

requirements within the fibers, have been demonstrated to increase in their mass, mainly caused 

by a significant augment of fusion processes together with a reduced autophagic flux. The formation 
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of a hyper fused and interconnected network of mitochondria devoided these organelles from 

autophagy and most of the times is causative of accumulation of mtDNA mutations (Chen et al, 

2010) and dilution of mitochondrial components in a wider environment. Moreover, respiratory 

chain complexes were found increased in their levels in old mice, as predicted by data of 

mitochondrial mass, even if this augment was not homogeneously preserved in all the complexes. 

ATP synthase in this case covered a relevant role because it is the last component of the respiratory 

chain but, contrary to the increase in the expression of complexes I, III and IV, its levels remained 

unchanged, suggesting an impairment in the electron flux within the transport chain that ended up 

with ATP synthase protein amounts that did not compensate for age-related mitochondrial mass 

increase and diminished efficient ATP production yield. This was inevitably linked to an energy stress 

condition in which AMPK was strongly induced (Figure 23), as a sensor for a decreased ATP 

concentration within these elderly fibers. 

1.4 Effects of ageing on denervation and neuromuscular junction stability 

During ageing, other important aspects enclosing the functionality of the muscle undergo 

detrimental impairment, determining the loss of function typical of sarcopenia. One of the major 

interactions the muscle tissue has with its surrounding environment is with the nervous system, and 

the interaction among these two is responsible for the formation of the neuromuscular junction 

(NMJ). NMJ is a synapse involved in the propagation of an action potential that is converted to a 

chemical input so as to terminally release calcium within the cytoplasm and allow the initiation of 

muscle contraction. During ageing, this cascade of events can be perturbed at different levels of 

activity. Impairments can arise from the nervous presynaptic side or from the muscular postsynaptic 

side, and a lot of molecular mechanisms and pathways cross-talk and intertwine among each other 

in both the isolated confined apparati and even among the two compartments in a paracrine 

fashion. Different factors/molecules are expressed by the muscle as neurotrophic factors that act 

on axon terminals to maintain their trophism and attachment on the active zone of the NMJ. 

Denervation occurs in conditions in which axon terminals detach from the muscle they innervate, 

caused by neuronal degeneration, muscular instability on the site of the NMJ and missing trophic 

signals required for the maintenance of a functional interaction. In this situation, muscle increases 

the expression of some specific factors indicated as markers of denervation. We evaluated through 

rt-PCR the quantification of histone deacetylase-4 (HDAC4), growth arrest and DNA damage-

inducible 45α (Gadd45α), Myogenin (MyoG) and Runt-related transcription factor-1 (Runx1) in 
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Gastrocnemius, because expression of these genes increases in denervated muscles (Barns et al, 

2014, just to cite one) (Figure 25). 

 

Figure 25. Transcriptional expression of denervation-related factors in Gastrocnemius. The 
expression of these factors is directly linked to loss of axonal innervation and subsequent attempt of 
the muscle to recall back innervation. Ageing strongly induces the expression of all the factors 
evaluated. The * denotes a significant difference among the groups. Difference is considered significant 
when P < 0.05. 

The gene expression of all the denervation-related factors we investigated significantly increase in 

elderly animals. As they are known to be closely related in their expression/activity, it is no wonder 

that they all follow the same pattern. HDAC4 is primarily involved in promoting the transcription of 

Gadd45α, a factor induced by denervation and with a negative outcome into the muscle, associated 

to muscle atrophy progression (Bongers et al, 2013). HDAC4 is even found to be the modulator of 

the expression of MyoG, inducing its expression during denervation, as we have evaluated in our 

old mice in comparison with the young cohort. Even in this case, MyoG is considered a negative 

modulator of muscle mass leading to atrophy through its interaction and activation of the atrogenes 

(MuRF1 and Atrogin-1; Moresi et al, 2010). In our study, overexpression of MyoG correlated finely 

with the overexpression of atrogenes (Figure 18b) in Gastrocnemius, reinforcing our assumptions 

to face with animals undergoing muscle mass loss and so atrophy (sarcopenic phenotype). 

Furthermore, Runx1 levels were highly increased following ageing. In the literature, up-regulation 

of Runx1 during denervation has been known to have a protective role from severe muscle atrophy 

(Wang et al, 2005). 

Taken all together, the over expression of these denervation-related factors projected us into a 

scenario of an impaired stability of muscle innervation and a general instability at the level of the 

neuromuscular junction. Another very powerful factor studied that can be linked to a denervation 

outcome is the Neural Cell Adhesion Molecule-1 (NCAM1), notoriously strongly expressed during 
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development and in stressing conditions where innervation is lost. It has been confirmed as a marker 

of denervation in a study on elderly humans and, beside the classical factors, NCAM1 expression 

and validation through immunofluorescence localization assays decrete its involvement in 

denervation (Soendenbroe et al, 2019). 

 

Figure 26. Analysis of Neural Cell Adhesion Molecule 1 (NCAM1) expression and localization in 
Gastrocnemius. a) Transcript level of NCAM1 is significant in older animals. b) Percentage of NCAM1 
positive fibers over the total amount of fibers counted in a transversal section of Gastrocnemius. 
Positive fibers are the sum of fluorescence positive signal located within the cytoplasm and confined on 
the membrane (extracellular signal). Values are expressed in means ± SD in the nearby table. c) 
Fluorescent representative images of NCAM1 induction in young and old cohorts. Green channel 
represents the dystrophin; red channel represents NCAM1; blue channel represents the muscle nuclei 
marked with DAPI. Negative control to assess the specificity of secondary antibodies. Scale bar 100 µm. 
The * denotes a significant difference among the groups. Difference is considered significant when P < 
0.05. 

In Figure 26, mRNA levels of NCAM were highly up-regulated in our old experimental group 

compared to young. Further analyses of this factor were then performed in order to evaluate the 

percentage of expression within the muscle and its localization. An increase in transcript levels 

found its correspondence in NCAM1 positive fibers through immunofluorescence (Figure 26, panel 

c). Despite the low numerosity of the samples, it was visible at first glance the augmented expression 

of NCAM1 (red signal) in elderly Gastrocnemius sections over the young cohort group. Following 

denervation and so loss of neural interaction at the level of the NMJ, NCAM1, in order to restore 

nerve contact and attract again any axon terminal, begins to be expressed at the level of the 
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sarcolemma, firstly in the junctional area, then in the extrajunctional spreaded region and at the 

end ubiquitously in the cytoplasm of denervated fibers. The impossibility for the muscle fiber to 

restore a functional innervation lead to a down-regulation of this nomore fruitable factor and an 

inevitably degeneration of the fiber (Gillon and Sheard, 2015). The importance and the relevance of 

this factor is even demonstrated at the level of the nervous terminal side, in which NCAM1 selective 

expression in partially denervated muscles promote and enhance functional expansion of synaptic 

territory in order to accomplish a regenerative reorganization of motoneurons in favor of a 

reinnervation of skeletal muscles, guided by postsynaptic NCAM1 overexpression (Chipman et al, 

2014). 

Regarding the postsynaptic stability, apart from the denervation-related factors previously 

analyzed, other factors (proteins/receptors) are primarily involved in NMJ stability and in the 

maintenance of the functional structure exposed in the sarcoplasm. The postsynaptic structure is 

formed by acetylcholine receptors (AChR) closely grouped in a confined active zone where contact 

with the nerve terminal occurs. Other factors interact with the AChR in order to maintain its spatial 

organization and promote the signal cascade required for muscle initiation of contraction. AChR is 

an heteropentamer formed by five subunits and, among those, subunit-α and subunit-γ cover a very 

important role in the primary evaluation of NMJ stability and/or perturbations. Subunit-γ is 

nowadays considered a denervation-related factor, because its expression is related to 

fetal/embryonic expression to establish the correct assembly of the receptor, but rapidly 

substituted by the subunit-ε in healthy mature muscles. A re-expression of the fetal/embryonic 

expression occurs under stress conditions in which a destabilization of the AChR structure and 

denervation happen. Subunit-α, on the other hand, is an important marker for junctional stability 

because the pentameric AChR structure is formed by two isoforms of this over the other 

heterogeneous three. By the evaluation of both subunits, in all cases ageing promoted a significant 

increase in these subunits (Figure 27, panel a). 
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Figure 27. Factors involved in postsynaptic neuromuscular stability. a) Transcription level of two of 
the main acetylcholine receptor (AChR) subunits: the alpha subunit is of relevance due to its 
stoichiometric presence in the pentameric receptor assembly (2 out of 5 are alpha subunits). The 
gamma subunit is the foetal/embryonal subunit highly induced following denervation, damage and 
traumatic events. It is notoriously recognized as one of the main denervation-related factors. b) Protein 
level of Muscle Specific Kinase (MuSK) in its total protein content and its phosphorylated content over 
the housekeeping GAPDH. The last graph depicts the phosphorylated isoform levels over the total 
protein amount. Representative Western Blot analyses are presented close by. The * denotes a 
significant difference among the groups. Difference is considered significant when P < 0.05. 

It is well established from the literature that subunit-α increases in ageing as a reflection of the 

fragmented and disorganized spatial disposition of the receptors: a wider area covered by the 

receptors suggests an increase in the expression of the main subunits, in order to increase the 

probabilities of a reorganization. Regarding subunit-γ, elderly animals showed a significant increase 

in its expression which is in accordance with the expression of the other denervation-related factors 

previously commented (Figures 25 and 26). 

Moreover, MuSK protein levels and its active phosphorylation were evaluated as responsible for the 

beginning of the postsynaptic signalling cascade. MuSK is a transmembrane receptor that interacts 

with the AChR and is activated following agrin interaction through the agrin/LRP4/MuSK pathway. 

Levels of phosphorylated (active) protein did not increase in elderly animals, but MuSK total protein 

content was highly expressed in old compared to young littermates. An increase in protein levels of 

MuSK could be comparable to an increase in AChR subunits (especially the subunit-α, Brown et al, 

2019), on an attempt to try to recover from a damaged and fragmented postsynaptic situation. An 

increase in total protein level was not accompanied by the phosphorylation of residue Tyr-755, 

depicting a situation in which in elderly mice there was an increase in protein levels related to the 

postsynaptic part, but a non-functional amelioration.  

Overall, data collected on neuromuscular junction stability and levels of the markers involved in 

denervation/reinnervation gave us a general framework of a compromised system in 24-mo mice. 
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Especially denervation-related factors were highly induced in elderly Gastrocnemius muscles, 

suggesting an impaired trophic interaction of the muscle with the nervous system. Most of the up-

regulated factors had a negative effect on muscle mass, because of their involvement in pro-

atrophic pathways (as confirmed by the CSA evaluations), even if they were found in a balanced 

overexpression with Runx1, a denervation factor involved in the reinnervation and reestablishment 

of a nerve contact. Ageing, in this scenario, was subjected to NMJ instability and the overexpression 

of all these factors respect to young littermates suggested us an elderly system not capable to 

remodel and face with detrimental outcomes of age. 

 

2. Interventions-related changes in aged mice 

2.1 Mice characterization and in vivo effects of treatments  

Following two months of intervention on 24-months old male mice, animals were characterized in 

their body weight and hindlimb muscles weight (Table 4). Moreover, histological investigations were 

performed on Gastrocnemius (the same muscle we focused in the first part of Results and 

Discussion) by assessing MHC isoform composition of treated mice and damage/regeneration 

parameters for the evaluations of the sarcopenic status (centronucleated fibers and fibrotic 

infiltration, Figure 28). 

 

Table 4. Body weight of mice and individual weights of hindlimb skeletal muscles. Body weights are 
expressed in grams (gr) and represent the means ± SD. Weights of hindlimb muscles are the resultant 
of the weight of isolated muscles normalized by the body weight of the mouse, depicted as means of 
left and right muscles and expressed in milligrams (mg). 

The animals undergoing interventions did not differ in body weight values and hindlimb muscles 

weight respect to the Old CTRL. Histological evaluations on MHC isoforms that compose 
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Gastrocnemius did not reveal any change or shift in isoform following interventions (data not 

shown). However, the count of centronucleated fibers (Figure 28, panel a/b) displayed a decreasing 

trend on the percentage of regenerative fibers over the total amount of fibers. Even if significances 

were not reached (Old CTRL vs Old Ex+N, p = 0.06), treatments seemed to ameliorate the health of 

fibers. In the end, collagen infiltration within Gastrocnemius of treated mice (Figure 28, panel c/d) 

significantly decreased in all conditions compared to Old CTRL. This result was very important 

regarding exercise training protocol, because it demonstrated a non-traumatic impact on muscles 

of aged mice. It was demonstrated a cross-talk among regeneration, fibrotic infiltration and 

exercise: senescence of fibro-adipogenic progenitors (FAPs) in response to exercise-induced muscle 

damage is needed to establish a state of regenerative inflammation that induces muscle 

regeneration (Saito et al, 2020). In our case, after two-months exercise training, Gastrocnemius of 

24-mo mice seemed to have reached a steady state, with both of the preocesses downregulated 

after being stimulated and induced by exercise. All these data suggested an improvement in 

histological features of old animals supplemented with nitrates and subjected to exercise, even if 

no macroscopic changes were visible (body weight). 
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Figure 28. Histochemical evaluations of Gastrocnemius. a) Percentage of fibers with central nuclei up 
to the total amount of fibers composing the muscle section. b) Representative images of transversal 
sections of muscles acquired with a fluorescence microscopy. Green channel represents the dystrophin, 
a marker of the plasma membrane; blue channel represents the muscle nuclei marked with DAPI. Scale 
bar 100 µm. c) Percentage of collagen infiltration stained with Picro Sirius Red. Percentage is calculated 
as the ratio between the fibrotic area stained in red over the total area of the muscle section. The * 
denotes a significant difference among the groups. Difference is considered significant when P < 0.05. 
d) Representative images of transversal section of muscles acquired with an optical microscopy. Red 
staining identifies collagen and yellow areas denote the transversal skeletal muscle fibers. Scale bar 
100 µm. 
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In order to confirm the effectiveness of the interventions, we evaluated the effects of 1.5 mM 

nitrate supplementation and endurance exercise training protocol by analysing nitrate 

concentrations within the muscle (Figure 29) and the effects of exercise on physical responsiveness 

of mice from all experimental groups (Figure 30). 

 

Figure 29. Nitrate and nitrite concentration in Soleus muscle (µM). Accompanied by a scheme 
reporting protein levels of Sialin, a specific nitrate transporter, and Xanthine Oxidoreductase (XOR) in 
Gastrocnemius (means ± SD). Representative Western Blot images are shown. Difference is considered 
significant when P < 0.05. 

Nitrate and nitrite concentration within the Soleus were evaluated. Due to the difficulties in the 

measurements of these compounds (especially nitrites, which are known to be highly unstable and 

so difficult to detects, and moreover their concentration is very low compared to nitrates), we 

measured the concentration of both molecules, taking advantage of the Griess Reagent protocol.  

In order to evaluate the effective concentration of [NOx] following a targeted treatment, we only 

compared Old CTRL and Old N groups, revealing a significant increase of NO compounds in 

supplemented mice compared to the controls. Moreover, we evaluated protein levels of two 

components involved in NOx transport and metabolism within the muscle cell: Sialin and Xanthine 

Oxidoreductase (XOR), respectively. In this case, no statistical relevance was assessed in Old N 

cohort compared to the Old CTRL, but an interesting trend was visible for the Sialin transport 

expression (+ 19%) and XOR protein levels (+ 32%), indicative of their elicited activity (referred to 

the scheme of Figure 29). Hence, we can consider 1.5 mM NaNO3 supplementation treatment as 

effective in order to increase bioavailability and distribution of NOx compounds within the muscle. 

We then evaluated if the endurance exercise protocol which mice performed for two-months, 5-

days/week had beneficial effects on their physical health (Figure 30). 
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Figure 30. In vivo physical responsiveness of treatments compared to Old CTRL mice. The * denotes a 
significant difference among the groups. Difference is considered significant when P < 0.05. 

Collaborators with a higher experience in behavioural tests and observations of spontaneous 

physical activity on controlled environments, measured, after two months of interventions, 

spontaneous total distance (cm) walked by animals in a restricted environment for 8 min, resting 

time (sec) during this test and the maximal speed (cm/sec) calculated from the total distance walked 

over the time of the experimental observation (ref. to Material and Methods). As depicted in Figure 

30, significant ameliorations were visible in the cohort of animals undergoing endurance exercise 

protocol (both Old EX and Old EX+N littermates), while no changes among Old CTRL and Old N were 

visible. We can conclude that mice undergoing two-months exercise showed beneficial effects on 

their spontaneous walking inputs and reduced resting time during their daily activity, indicating an 

ameliorated physical fitness and higher stimuli to undergo spontaneous activity. Furthermore, 

maximal speed was increased in exercised mice compared to Old CTRL and Old N, as a reflection of 

an augmented muscular responsiveness stimulated by the exercise training protocol. 

2.2 Ex vivo effects of treatments  

We performed an ex vivo evaluation of the respiratory muscle diaphragm in order to evaluate force-

frequency production and the resistance to fatigue in old mice in order to characterize functional 

changes, if any. Maximal tetanic force production did not change through our experimental groups 

(Table 5), so neither values of peak twitch force (Po/CSA expressed in mN/mm2) and related time to 

peak and time to relaxation (bot expressed in sec), meaning that interventions did not modulate the 

responsiveness of the diaphragm to electrical stimuli. 
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Table 5. Intact muscle contractility evaluations on Diaphragm of old mice. No significant variances 
are assessed in the parameters under investigation, in neither of the treated groups compared to the 
Old CTRL. Values are represented as means ± SD. 

These results were not properly surprising, because diaphragm is one of the most protected muscles 

in the musculoskeletal system, due to its involvement in the vital function of the respiration, so its 

function and activity tends to be maintained at basal levels. Exercise did not show any beneficial 

effect on force production-related parameters because old muscles may be resistant to change 

following stimuli, depicting a minor plasticity-driven adaptation.  

Regarding the intermittent fatigue protocol, results are depicted in Figure 31. Muscle fatigue is 

defined by a decline in muscle force linked to repeated muscular activation, in this case electrical 

stimulation at increasing frequencies (Hz). Tetanic force, expressed in percentage over the pre-

fatigue force at time 0, showed a rapid drop in Old CTRL group, while treatments displayed a better 

trend and in most cases, evident divergences in favour of a positive resistance to fatigue. 

 

Figure 31. Resistance to fatigue assay in diaphragm of elderly mice with interventions (N, EX, EX+N) 
compared to Old CTRL, at increasing frequencies (0.03, 0.09, 0.3 and 0.9 Hz). The dashed red line in 
the graphs represent the trend of the Young CTRL, to compare the decay of resistance. The * denotes a 
significant difference among the groups. Difference is considered significant when P < 0.05. 

An ameliorated resistance to fatiguing stimuli was mainly occurring on nitrate treated mice, as 

confirmed by the literature (Bailey et al, 2019 on mice; Porcelli et al, 2015 on humans). Even if a 

statistical significance was missing, the overall trend of the treatments over the Old tetanic tension 
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trace showed a delayed decay to fatigue. Apart from exercise, some points in nitrate supplemented 

mice (at 0.09 Hz, p = 0.09 and at 0.9 Hz, p = 0.08) curve and in the combined supplementation with 

exercise (at 0.3 Hz, p = 0.1 and at 0.9 Hz, p = 0.01*) curve had a relevant difference that could be 

augmented by increasing the number of subjects evaluated. The dashed red line on each graph 

depicted the trend of the Young CTRL mice diaphragms. The almost precise overlap between the 

Old N and the Young CTRL fatigue-dependent decay of tension demonstrated an overall ameliorated 

resistance to the increasing frequencies stimuli, totally superimposed at 0.09 Hz, in which Young 

CTRL were significantly more resistant to fatigue compared to Old littermates (p = 0.009). An 

appreciable trend could be even assessed for EX+N mice if compared to the young cohort, thus 

speculating that dietary nitrate supplementation mildly acted as an ergogenic factor on diaphragm, 

ameliorating resistance to intermittent fatigue stimuli compared to Old CTRL groups. 

We next moved on through the investigation of the modulatory effects the two-months 

interventions have on mitochondrial function of 24-mo mice. We evaluated the efficiency of the 

mitochondrial ETC through the Oroboros-O2k technique (ref. Materials and Methods). Briefly, the 

substrate-uncoupler-inhibitor titration (SUIT) protocol we performed focuses on Complexes I and II 

activity and major results are depicted in Figure 32, below. The muscle used for this study was the 

Tibialis Anterior, a muscle of mixed fibers composition. 
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Figure 32. High resolution respirometry on Tibialis Anterior mitochondria through SUIT protocol 
performed with Oroboros-O2k. LEAK (Complex I) represents the proton dissipation following G+M 
(glutamate+malate). LEAK (Complexes I and II) represents the proton dissipation following S 
(succinate). OXPHOS (complexes I and II) represents the mitochondrial respiration following the 
addition of submaximal ADP concentrations. ETS (electron transport system) is the maximal uncoupled 
respiration following the addition of FCCP (an uncoupler). ETS (of Complex II) is the maximal uncoupled 
respiration following Rotenone, which inhibits Complex I activity. Oxidative Phosphorylation Coupling 
is the maximal capacity of the oxidative phosphorylation solely finalized to mitochondrial respiratory 
chain and thus, indirectly, ATP production. Data are shown in JO2 [pmol*s-1*mg-1], depicting the oxygen 
flux measured by the machinery. CS activity, in the last panel, is evaluated in TA samples in proximity 
of the one used for the SUIT protocols. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

LEAK phase, which is indicative of proton dissipation not associated with the oxidative 

phosphorylation, was assessed in Complex I alone (stimulated by the addition of substrates 

Glutamate+Malate) and together with Complex II with further addition of Succinate. While no 

changes were visible in proton leak in Complex I of interventions compared to the Old CTRL, the 

proton leakage from Complexes I+II following Succinate injection showed a significant decreasing 

trend in both exercised groups (Old EX and Old EX+N) compared to the Old CTRL. The fact that 

protons did not dissipate during the mitochondrial respiration means that the system devoided to 

spare protons that were thus highly involved in the ETC mechanism, maximising their transport. 

Nitrate supplementation per se did not show any significant trend, even if raw data positioned them 

closer to the exercise interventions than the control mice (Old CTRL: 25.22 ± 2.86; Old N: 19.03 ± 

4.11; Old EX: 17.48 ± 5.78; Old EX+N: 17.50 ± 6.39). By the analysis of OXPHOS, then, we evaluated 

the oxidative phosphorylation capacity following ADP submaximal saturating titrations. In this case, 

the system did not show any intrinsic change in all the conditions investigated in 24-mo mice. But 

when we evaluated the maximal capacity of the oxidative phosphorylation (without leak proton 

dissipation) of these mice, all treatments showed a significant positive trend. Both exercise and 

nitrate (on their own or in combination) displayed a higher intrinsic oxidative phosphorylation 

efficiency, attributable to the beneficial effects these treatments had on the leak phase (rather than 

the OXPHOS; Clerc et al, 2007). 

Regarding the maximal electron transport system (ETS) efficiency (with both Complexes I and II 

stimulated and with the inhibition of Complex I following Rotenone injection), no changes were 

visible among interventions in comparison with the Old CTRL. A tendency to increase was valuable 

in the exercised groups when Complex I is inhibited. The evaluation of ET system is referred to the 

degree of uncoupling of mitochondria and it is strictly linked to ATP production. A significant 

increase in uncoupling of mitochondria was considered a side-effect of the swelling and structural 



110 
 

abnormalities seen in individuals with malignant-hypertermia susceptible phenotype (Lavorato et 

al, 2016). ETS, thus, evaluates the capacity of the electron transport chain not associated to ATP 

production, meaning all the electron fluxes promoted by the ETC and the uncoupled proteins and 

not finalized to the oxidative phosphorylation. The importance of this value is revealed when 

compared to the OXPHOS capacity. When the ET capacity reaches major values than the OXPHOS 

(as in our case, for all the groups), the phosphorylation system limits OXPHOS capacity, and there is 

an apparent E-P (ETS-OXPHOS) excess capacity, but this is considered a physiological parameter, 

postulated in healthy human skeletal muscle mitochondria (Pesta et al, 2011). 

The parameters evaluated for the mitochondrial respiratory efficiency needed to be normalized to 

the activity of CS (Eigentler et al, 2020). In these panels, normalization was not performed but the 

levels of CS activity per se did not change all over the Old groups, as seen in the last panel of Figure 

32. Normalizing all the respirometry values for the CS activity will not change the outcomes 

discussed previously. This means that the interventions on Old mice promote a beneficial effect on 

the quality of mitochondrial respiration, independently by the quantity.  

Overall, data relative on mitochondrial respiration suggested an ameliorated functionality of 

mitochondria from mice subjected to two-months exercise training, with and without nitrate 

supplementation. The effects of nitrate were milder but we can speculate a beneficial effect of this 

treatment based on the positive maximal oxidative phosphorylation evaluated in this group, 

compared to Old CTRL. In particular, by specifically studying Complexes I and II, we can conclude 

that Complex II is shown to have an ameliorated functionality while Complex I did not show any 

change in mice subjected to interventions and Old CTRL. A decrease in proton leakage was strongly 

visible in the exercised groups only when Complex II was stimulated, and ETS following inhibition of 

Complex I showed a mild increase in the Old EX group, representing an insult of the ET chain not 

visible with Complexes I and II togheter. The ameliorated functionality of Complex II not 

accompanied by complex I could be attributable to the heterogeneity of responses that the 

mitochondrial respiratory chain had, following different stimuli, and to a degree of resistivity in 

changes typical of ageing. 

Overall, treatments submitted to 22-mo animals for two months have been demonstrated to be 

effective on indicative parameters: NOx concentration increased following supplementation so to 

augment bioavailability within the muscle tissue, confirmed by a mild improvement of force decay 

following intermittent fatigue protocol; aerobic exercise training ameliorated the spontaneous 
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mobility and thus the locomotor behaviour of elderly mice. Moreover, mitochondrial quality was 

ameliorated following functional evaluation, in all the conditions studied and compared to the Old 

CTRL. 

2.3 Effects of interventions on neuromuscular junction in aged mice 

We next evaluated the impact of the two interventions (N and EX) and the combination of two 

(EX+N) in 24-mo mice on different aspects of the NMJ, starting from its stability, morphology and 

then the denervation-related factors, all parameters found highly impaired in ageing. It is well 

known that exercise generally acts on muscle so as to ameliorate some trophic aspects of it and 

induce a remodelling that concerns many aspects of this tissue. On the other hand, interest on 

nitrate supplementation start arose few decades ago (ref. Introduction) because of their beneficial 

outcomes in ameliorating time to exhaustion and VO2max in sport science evaluations. In the 

following paragraphs we elucidate all the effects these interventions promote at the level of the 

NMJ, the synapse involved in the primary triggering of muscle contraction. 

  2.3.1 Factors involved in NMJ postsynaptic stability 

We firstly analysed the expression of factors involved in the stability of the NMJ. As demonstrated 

before, during ageing the expression of proteins involved in the postsynaptic assembly of the 

synapse are strongly induced in their expression. This increase is justified in a compromised elderly 

system as the latest insult to compensate for structural deficiencies and try to reconstitute a 

spatially well-organized and functional postsynaptic framework. Transcript levels of the subunit-α 

and -γ were evaluated in Gastrocnemius of all the Old groups (Figure 33). While the subunit-α did 

not change following interventions, the subunit-γ significantly increased in the combined EX+N 

intervention against both Old CTRL and Old N. Overall, an increase in subunit-γ could be ascribed as 

an exercise-related effect (because nitrate supplementation alone did not promote any change in 

expression), and a mild trend to increase of subunit-α could confirm this point of view (proven by 

Mor Huertas et al, 2020). In conditions of skeletal muscle atrophy, exercise has been shown to 

maintain muscle function through adaptations to the NMJ, which can induce its hypertrophy 

through an increase in the number of acetylcholine (ACh)-containing vesicles, acetylcholinesterase 

and the number of AChRs within the motor endplate in an attempt to stabilize the structure and 

cluster the receptors in a confined area (Gonzalez-Freire et al, 2014, Nishimune et al, 2014). 
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Figure 33. Factors involved in postsynaptic neuromuscular stability. a) Transcription level of two of 
the main acetylcholine receptor (AChR) subunits: the alpha subunit is of relevance due to its 
stoichiometric presence in the pentameric receptor assembly (2 out of 5 are alpha subunits). The 
gamma subunit is the foetal/embryonal subunit highly induced following denervation, damage and 
traumatic events. It is notoriously recognized as one of the main denervation-related factors. b) Protein 
level of Muscle Specific Kinase (MuSK) in its total protein content and its phosphorylated content over 
the housekeeping GAPDH. The last graph depicts the phosphorylated isoform levels over the total 
protein amount. Representative Western Blot analyses are presented close by. The * denotes a 
significant difference among the groups. Difference is considered significant when P < 0.05. 

We thus evaluated the protein levels of MuSK in all the experimental groups under investigation, in 

both its total protein content and its activating phosphorylation at Tyr-755. No trends or changes 

were visible in any of the interventions, and especially (and surprisingly) on the exercised groups, in 

which, as previously explained for the AChR subunits, a remodelling of the postsynaptic side of the 

junction could be stimulated by exercise in order to ameliorate muscle function, starting from the 

NMJ structure. By the way, MuSK levels in ageing were previously demonstrated to be augmented 

in an effort to preserve the postsynaptic structure. 

On the whole, exercise intervention increased the expression of AChR subunits, not accompanied 

by an increase in MuSK protein levels and phosphorylation, which remained expressed at basal 

levels of Old CTRL. Conversely, nitrate supplementation did not show any particular beneficial trend 

on the indirect molecular markers of the postsynaptic NMJ structure stability. 
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  2.3.2 Morphological evaluations of NMJ 

We continued our investigation regarding how NMJ responded to these interventions and so which 

aspects of the junction were modulated by external inputs in a physiological elderly system (Figure 

34). Morphological analyses were performed on Extensor Digitorum Longus (EDL) muscles, due to 

the feasibility of the immunofluorescence protocol on this muscle (explained in Materials & 

Methods). Young CTRL data are represented in all the morphological parameters in order to have a 

reference value that can be compared with the data relating to the treatments, while a direct 

statistic was made between Young CTRL and Old CTRL so as to monitor how much the 

neuromuscular structure has been affected by ageing. This prompted us to visualize the effects of 

treatments from a critical point of view and could therefore suggest us the significance of trends 

and/or remodelling of the junction. Any change that is promoted by a treatment compared to the 

Old CTRL, if it moves towards levels of the Young CTRL, can be considered as a beneficial change. 
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Figure 34. Panel depicting representative images of NMJ morphologies from EDL of all the 
experimental groups. Red channel represents the αBTX; the green channel is the combination of Nf-L 
and Synaptophysin, which together stain the presynaptic side. Nuclei are marked with DAPI (in blue). 
Merge is the combination of the three channels. Scale bar 50 µm. 

Parameters under investigations can be divided in three macro-areas: presynaptic and post-synaptic 

parameters, and values related to the interaction among the two sides a NMJ is formed. We used 

this approach according to Jones et al, 2015. We firstly measured indicative parameters related to 

the presynaptic nervous part remodelling in ageing and following interventions (Figure 35). 
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Figure 35. Morphological evaluations of the presynaptic side of the NMJ. Panel depicting the analysis 
of parameters indicative of the presynaptic stability and adaptations. Parameters and measures are 
written in the Y axis of each graph. Young CTRL is depicted together with Old groups only as a reference 
for Old groups trending assessments. For statistical references, one-way ANOVA was performed only 
among cohorts of the same age (Old CTRL, N, EX, EX+N), while statistics between Young CTRL and Old 
CTRL is based on the student t-test. On the left, a representative image of the presynaptic side, from an 
EDL Young subject. Scale bar 100 µm. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

Axon diameter value was significantly decreased during ageing (Krishnan et al, 2017), but exercise 

seemed to hardly re-establish a strong axon remodelling. Nitrate supplementation seemed not to 

improve terminal axon trophism, in fact axons from Old N groups seemed to undergo further 

atrophy, and in mice cohort undergoing combined interventions, nitrates seemed do diminish 

axonal “hypertrophy”. The fact that axon diameter assumed so many variegate values is based on 

the high plasticity this structure is subjected from the development to late stages of lifespan. 

Repeating cycles of denervation and reinnervation occur during lifespan, when motor neuron 

terminal transiently disconnects from its muscle fiber, rapidly followed by reinnervation of vacant 

sites by the original motor axon (if still intact) or through collateral sprouting from adjacent smaller 

axons (Hepple and Rice, 2016). When a strong interaction among adhesion molecules ubiquitously 

expressed in both faces of the NMJ structures is established, axon can develop a hypertrophic 

phenotype to strengthen the interaction with the muscles. So, with these assumptions, smaller 

axons are indicative of a denervation/reinnervation process frequently occurring, trying to remodel 
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the junctional interaction and strongly maintain it (in Krishnan and colleagues’ paper, axon diameter 

values in ageing resemble the values of very young mice, when maturation and bond balances need 

to be defined). 

Nerve terminal perimeter and area did not particularly change, due to a wide distribution of the 

values calculated from the terminal branched axonal portion. The variety of these parameters is not 

surprising due to a very heterogeneous variability of NMJ morphology and their frame that may be 

referred to different time of remodelling following different physiological and external (our 

interventions) stimuli. 

Terminal branches were calculated as the number of branches composing a presynaptic junction 

and the average length each branch has in that structure. All the treatments showed a significant 

diminished number of branches compared to Old CTRL. Old CTRL, then again, had an increased 

number of branches likened to Young CTRL (p = 0.05): this result suggested us that a decrease in 

branching numerosity pushed the nervous organization of old treated groups very close to a 

younger condition. This datum was reinforced by the average length of these branches, highly 

increased in Old animals in an exercise-dependent manner. As a whole, these analyses described 

presynaptic nerve undergoing continuous remodelling, especially promoted and much prominent 

in Old group of mice subjected to exercise training (with and without N), in which a simpler 

branching was established, but of a wider extent. In fact, Old EX showed a 13% increase in nerve 

terminal area spatially covered, in comparison with Old CTRL. Complexity of presynaptic side, 

calculated as a logarithmic function of branchings and areas occupied, was significantly decreased 

in all the Old cohorts undergoing interventions (Old N, EX, EX+N) compared to Old CTRL. These 

results suggested the establishment of a simplistic presynaptic structural organization arosen from 

a stimulated remodelling of the NMJ. 

We next moved on with the analyses of postsynaptic parameters indicative of AChR clustering, 

compactness and dispersal on the surface of the sarcolemma (Figure 36). 
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Figure 36. Morphological evaluations of the postsynaptic side of the NMJ. Panel depicting the analysis 
of parameters indicative of the postsynaptic stability and adaptations. Parameters and measures are 
written in the Y axis of each graph. Young CTRL is depicted together with Old groups only as a reference 
for Old groups trending assessments. For statistical references, one-way ANOVA was performed only 
among cohorts of the same age (Old CTRL, N, EX, EX+N), while statistics between Young CTRL and Old 
CTRL is based on the student t-test. On the left, a representative image of the postsynaptic side, from 
an EDL Young subject. Scale bar 100 µm. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

Postsynaptic parameters can be divided into the strict perimeter delimiting the area of AChR spatial 

organization, and the perimeter of the overall average area in which AChR clusters are distributed 

(endplate). In this case, no significant differences were found in perimeter and area of both AChR 

pretzel-like structure and endplate. Nitrate supplementation and exercise, separately, showed a 

significant decrease in the perimeter of the AChR clusters respect to Old CTRL, but the average level 

did not rank in line with the perimeter of Young CTRL animals. This could suggest, as for the 

presynaptic side, a simplistic spatial organization of the receptors, which could be a synonym of 

primary steps of reorganization. Regarding the other parameters indicative of a postsynaptic spatial 

distribution, no significant trends and changes were assessed among the old mice and even 

compared to the young cohort. A valid explanation can be ascribable to the heterogeneous 

distribution of values each group has within, speculative of the variety of structures every cohort 

has. Any strong changes in morphological AChR parameters were even evaluated in Young, Old, and 

Old Exercised EDL from rats by Brown et al, 2019, while, as the majority of the literature reports, 

exercise tend to increase pre and postsynaptic areas (in TA of 25-mo mice, Cheng et al, 2013). 
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Different outcomes can arise by the evaluation of different muscles, as described by Arnold et al, 

2014, in which they study NMJ molecular and morphological parameters in transgenic mice 

overexpressing and downregulating PGC1α, mimicking thus an exercised molecular phenotype. 

Morphological analyses on EDL muscle follow our same trend regarding exercise and control elderly 

mice (an increased average length of the branches and a reduced AChR area), while evaluations on 

Soleus muscle do not show any perturbation in NMJ morphology. Overall, morphological changes 

could be muscle-dependent and exercise could act differently on those parameters. Regarding 

nitrate supplementations, the literature is poorly enriched of studies on NMJ morphology 

adaptations following supplementation so it is quite difficult for us to give an interpretation to the 

solely data related to Old N cohort. A fashioned study on Drosophila and NOS (the enzyme involved 

in the endogenous production of NO) demonstrated how overexpression and inhibition of NOS, with 

the subsequent increase and decrease of NO production, changes morphological features during 

development of this animal model (Robinson et al, 2017). But the majority of the papers on NO and 

NMJ is mainly focused on characterizing the activity and regulation of the synaptic transmitter 

release: this branch of observations is still controversial, with some studies demonstrating 

enhancement (Nickels et al, 2007) and others suggesting suppression (Etherington and Everett, 

2004) of transmitter release by NOS activity and thus NO concentration.  

Compactness, at the end, represents the percentage of the distribution of AChR clusters within the 

endplate area. Nitrate supplementation and exercise, independently, showed a significant trend in 

Old mice compared to the Old CTRL, while combination of the two, again, did resemble the same 

percentage levels of the CTRL. A highly compact postsynaptic structure means that AChR clusters 

do not disperse throughout the area delimited by the endplate perimeter, but they are found closely 

organized. 

Finally, we studied the interaction among the pre and the postsynaptic structures by calculating the 

percentage of overlap among the two structures and so the unoccupied AChR area, the one not 

covered by nerve terminal and so that did not receive direct nervous signals. At last, we evaluated 

the fragmentation of the postsynaptic area based on the clusters the AChR forms and their average 

area based on AChR area (Figure 37). 
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Figure 37. Morphological evaluations of the interaction between pre and postsynaptic sides of the 
NMJ, and fragmentation index. Parameters and measures are written in the Y axis of each graph. 
Young CTRL is depicted together with Old groups only as a reference for Old groups trending 
assessments. For statistical references, one-way ANOVA was performed only among cohorts of the 
same age (Old CTRL, N, EX, EX+N), while statistics between Young CTRL and Old CTRL is based on the 
student t-test. On the left, a representative image of the merge, from an EDL Young subject. Scale bar 
100 µm.  The * denotes a significant difference among the groups. Difference is considered significant 
when P < 0.05. 

The unoccupied AChR area of all Old groups was measured as a subtraction of the presynaptic area 

from the postsynaptic one. By this value, the overlap of the two structures was calculated as 

percentage. Old CTRL junctions showed a significant decrease in overlapping areas compared to 

Young CTRL littermates: despite no significant changes in pre and postsynaptic areas were assessed 

in the previous panels (Figures 35/36; nerve terminal area in µm2 of Young CTRL: 417.89 ± 138.11 

vs Old CTRL: 389.35 ± 183.94; AChR area in µm2 of Young CTRL: 473.94 ± 116.38 vs Old CTRL: 494.00 

± 165.86), a higher unoccupied AChR area was assessed in the Old cohort, due to the fluctuations of 

the values’ distribution. Intrinsic variances inside each group could thus assume combinations 

among the pre and postsynaptic areas so as to establish an inverse correlation among the two 

(meaning a low presynaptic value correlating with a higher postsynaptic one). Physiologically, an 

increased AChR area that is not superimposed by the nerve terminal is indicative of a junction that 

does not fully receive the nervous stimulus and thus can be defined not fully active. Missing the 

nervous contact and so the trophic activity in some areas can lead to a dispersal of those AChR 
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clusters away from the junctional area, disrupting the positive feedback mechanism that arise from 

their interaction and the exchange of trophic factors, to preserve and maintain the NMJ. 

Among the interventions proposed on Old animals, the percentage of overlap between the pre and 

postsynaptic areas displayed a significant amelioration in the exercised group, resembling the values 

of the Young cohort. Nitrate supplementation did not significantly change this parameter in both 

isolated and combined intervention (Old CTRL vs Old N, p = 0.06 and Old CTRL vs Old EX+N, p = 0.05). 

A higher distribution was visible in both cohorts and this could be indicative of a higher intrinsic 

variance that diminished the probability of significance. However, the average value of both groups 

were graphically shifted in favour of the Young cohort rather than the Old CTRL, so we could 

speculate a mild effect of this intervention on the maintenance of trophic interaction between the 

two synaptic sides. 

To conclude, fragmentation of the junctions was calculated in all groups under investigation starting 

from the number of AChR clusters counted for each junction. Old CTRL mice had a higher 

fragmentation compared to Young littermates (+ 12%), and this goes in accordance with the 

literature. NMJ fragmentation is often referred as a hallmark feature of ageing and pathological 

conditions (Rudolf et al, 2014), and our 24-mo mice are totally found enclosed within this 

characteristic. Fragmentation is the reflection of the physiological consequence of a missing overlap 

with the nerve terminal: as aforementioned, unoccupied AChR areas are missing those nervous-

based maintenance stimuli and thus undergo slow dispersal in the nearby area, leading to a 

fragmented postsynaptic appearance. 

Regarding all the interventions promoted in Old mice, nitrate supplementation and exercise 

training, separately, significantly decreased the fragmentation index (- 11% and - 12%, respectively) 

of the postsynaptic side of the junction. This is occurring due to lower number of AChR clusters 

found in the structures of these mice. The positive effects of these interventions alone (because the 

combined one shows a faint 5% decrease in fragmentation compared to Old CTRL) showed a 

beneficial outcome for the postsynaptic side of the junction, that has been demonstrated to be 

highly compacted in Figure 36 (Compactness %). Moreover, the overlap values of Old EX group were 

significantly increased compared to the Old CTRL, establishing thus a positive feedback among pre 

and postsynaptic sides. Regarding Old N group, overlap percentage was not significant but very close 

by (p = 0.06), so we can speculate this beneficial feedback even in this treatment. The final 

parameter studied was the average area of AChR clusters. A decrease in the average area was 
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assessed in elderly CTRL mice, that had a higher number of clusters compared to young littermates: 

elevated numbers of small clusters supported the fragmentation spread significantly present in our 

24-mo animals. Aged mice with interventions did not have significant trends in clusters’ areas but 

mean values of Old N (138.88 ± 126.59 µm2) and Old EX (139.47 ± 83.16 µm2), independently, closely 

resembled the one of young cohort (137.66 ± 79.18 µm2), meaning that postsynaptic organization 

undergoes beneficial remodelling. 

To sum up this huge part related to morphological evaluations of NMJ and the structure it is 

composed, an impairment in the Old CTRL group compared to young littermates is established (a 

decreased axon diameter, mild impoverishment of presynaptic morphology and an augmented 

fragmentation caused by a missing complete overlap among pre and postsynaptic parts). Among all 

the interventions our 24-mo mice underwent (nitrate supplementation, exercise training and the 

combination of the two), exercise strongly promotes a positive remodelling of both pre and 

postsynaptic sides in most of the aspects under investigation, that ends up with a beneficial 

amelioration of the physical interaction among the two sides and so less fragmented junctions. 

Nitrate supplementation, likewise, follows almost the same positive trend the exercise promotes, 

but in a milder way (some parameters are missing in statistical relevance), speculating a beneficial 

remodelling even in this case. Surprisingly, the combination of the two interventions do not show 

the expected trend, maintaining most of the times values relatable to the Old CTRL condition. There 

may be some mechanism in this combined treatment that hampers the beneficial effects these 

treatments promote on their own, separately. 

A very important aspect needs to be taken into account regarding the study of the morphological 

features of the NMJ. As visible in Figure 38, and as widely said during the discussion of different 

parameters, NMJs are depicted as highly heterogeneous structures regardless of the developmental 

conditions, the passing of time and so ageing, the arising and progression of pathologies. This means 

that in adult muscles it is possible to see fragmented structures, nonlinear postsynaptic tubuli, as 

well as detachment of the axon terminals and decreased definition of the presynaptic branches. The 

analyses of these impaired structures can lead to a non-homogeneous distribution of values that 

can interfere with the arising of significant differences. This is explained by the high plasticity that 

characterizes the NMJ: denervation/reinnervation phenomena naturally occur during the lifespan, 

and spatial remodelling of the junction is continuously promoted and stimulated by endogenous 

and/or exogenous signals in order to cope with any environmental change and load. On the other 
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hand, the processing of images from elderly muscles may return continuous postsynaptic tubuli that 

can be underestimated in terms of number of clusters. By visualising these structures, however, it 

can happen that a disorganized structure with irregular jagged edges is clearly visible, demonstrating 

an impaired not-healthy structure. The huge variability of the morphological features visible in the 

following figure shown is thus an important variable to keep in mind every time these analyses are 

performed. 

 

Figure 38. Maximal Z-stack projection images of NMJ morphology from EDL muscles acquired 
through the confocal microscopy technique. Only Young CTRL and Old CTRL are represented here in 
order to give an example of the heterogeneity these structures undergo, in an age-independent 
manner. αBTX marks the postsynaptic side due to its specific binding to AChRs (in red); light 
neurofilament (NF-L) and synaptophysin (Syn) label the presynaptic structure (in green); nuclei are 
stained with DAPI (in blue). Merge is the superimposition of the three channels. Magnification 20x, 
digitally zoomed post-acquisition. Scale bar 10 µm.  

  2.3.3 Denervation-related factors 

To better evaluate the interaction among the pre and postsynaptic structures and the cross-talk that 

occurs among them, we studied the expression of the denervation-related factors so as to assess 
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the effects of interventions on denervation/reinnervation cycles in ageing. We previously 

demonstrated how these factors were highly induced in elderly mice, indicative of an impaired 

junctional interaction. Transcription levels of the main factors were evaluated (Figure 39). 

 

Figure 39. Transcriptional expression of denervation-related factors in Gastrocnemius. The 
expression of these factors is directly linked to loss of axonal innervation and subsequent attempt of 
the muscle to recall back innervation. Ageing strongly induces their expression but treatments show to 
have an effect only on HDAC4 expression. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

Histone deacetylase-4 (HDAC4) significantly decreased in its expression in the combined Old EX+N 

cohort compared to the Old CTRL and the Old N. The clear trend to decrease of the exercised group, 

but not of the nitrate alone, suggested a downregulation of HDAC4 modulated by exercise. This 

pathway is mediated by AMPK, which is found induced by exercise and associated with increased 

glucose intake (McGee et al, 2003). In this paper, even if AMPK transcript and protein levels do not 

augment following exercise (as it happens in our 24-mo mice subjected to exercise training 

compared to Old CTRL, data not shown), its functional activity was associated to its nuclear 

translocation, where it can modulate gene and protein expression and, among all, negatively 

regulate HDAC4 activity (Niu et al, 2017). Because HDAC4 is associated with a denervation-related 

atrophy and thus assume negative shades on muscle mass and maintenance, exercise seemed to 

ameliorate this negative outcome by decreasing HDAC4 transcript levels. 

Surprisingly, being HDAC4 a positive regulator of the other factors Gadd45α and MyoG, these 

transcripts did not follow the same trend the histone deacetylase underwent, as conversely viewed 

by Yoshihara and colleagues, in which atrophy of elderly rats is attenuated by exercise-modulating 

HDAC4/Gadd45α downregulation (Yoshihara et al, 2019). Gadd45α is known to be regulated by 

other transcription factors, as for example the activating transcription factor 4 (ATF4), that is 
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strongly induced in stressing conditions as denervation, ageing, fasting, in which it promotes 

atrophic pathways (Ebert et al, 2012) and may not be influenced by our interventions. MyoG did not 

change in expression levels but a mild trend resembling HDAC4 was visible. In the end, Runx1 did 

not change its transcript levels following intervention, assuming the same transcription levels of the 

Old CTRL. 

Taken together, denervation-related factors were strongly modulated by none of the interventions 

the old animals underwent. Exercise had only mild effects on the modulation of HDAC4, 

strengthened by the combination with nitrates, but still not sufficient to strongly decrease MyoG 

transcript levels. The last denervation-related factor taken under investigation was NCAM1, 

evaluated in its transcript levels and cellular expression and localization (Figure 40). 

 

Figure 40. Analysis of Neural Cell Adhesion Molecule 1 (NCAM1) expression and localization in 
Gastrocnemius. a) Transcript level of NCAM1 significantly decrease in mice subjected to exercise 
protocol (Old EX and EX+N). b) Percentage of NCAM1 positive fibers over the total amount of fibers 
counted in a transversal section of Gastrocnemius. Positive fibers are the sum of fluorescence positive 
signal located within the cytoplasm and confined on the membrane (extracellular signal). Next, a table 
resuming the percentages of cytoplasmic and extracellular/membranous expression of NCAM1, 
expressed in means ± SD. c) Fluorescent representative images of NCAM1 induction in old cohorts, with 
(Old N, EX, EX+N) and without (Old CTRL) interventions. Negative control to assess the specificity of 
secondary antibodies. Scale bar 100 µm. The * denotes a significant difference among the groups. 
Difference is considered significant when P < 0.05. 

All the interventions promoted appreciable changes in 24-mo mice. Transcription of NCAM1 was 

strongly downregulated in Old EX and Old EX+N compared to the Old CTRL, indicating the exercise 
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as the intervention that mainly modulated its expression. By the analyses of immunofluorescence 

on transversal sections, the percentage of fibers that positively express NCAM1 significantly 

decreased in all the treated old groups in comparison with the Old CTRL. Together with HDAC4 and 

MyoG, we can conclude that exercise promoted a beneficial effect on the expression of these 

denervation-related factors by means of decreasing their transcription. The combination with 

nitrates strongly induced this downregulation, even if nitrates alone only had effects on NCAM1 

cellular expression. Improvements in the denervation/reinnervation molecular patterns driven by 

exercise training was thus found to be closely related to all the beneficial effects studied and 

evaluated through morphological evaluations. 

3. Events involved in interventions-related changes in NMJ of aged mice 

According to the literature, different pathways are found to be implicated in NMJ stability and 

plasticity, through the activation of a cascade of molecular events that contribute to remodel and 

adapt the junction following diverse stimuli. We focused our evaluations on four aspects that can 

potentially modulate NMJ features, in order to assess which of those pathways were modulated by 

the interventions we promoted on 24-mo mice. Based on the literature assumptions, metabolic 

aspects driven by master regulator PGC1α can be involved in NMJ remodelling (Arnold et al, 2014). 

PGC1α covers a relevant role in the regulation of NMJ stability through the transcriptional activity it 

elicits on synaptic genes expressed in the myonuclei positioned below the synaptic bouton 

(Handschin et al, 2007). The contribution it has on the expression of subsynaptic genes is mainly 

increased following an activity-dependent feedback signalling from the neurons, mostly elicited by 

exercise (Nishimune et al, 2014). It is moreover found implicated in mitochondrial biogenesis and 

the control of metabolism within the fibers, positioning it to a relevant role in the context of the 

muscle homeostasis. Because a wide part of the literature indicates mitochondria as one of the key 

features of muscular and neuromuscular impairments during ageing and pathological conditions 

(ref. Introduction), PGC1α can represent an important factor for the elucidation of NMJ integrity 

even related to this pattern. 

Moreover, a dysregulation in the autophagic flux can be causative of a severe impairment of the 

NMJ (Carnio et al, 2014) with a precocious ageing spectrum, presenting this pathway as one of the 

mostly important in the stability and functionality of the junction. On the other hand, factors 

notoriously recognized as part of the synthetic pathway within the cell are now covering an 

interesting role in the stability of the junction: recent literature started focusing on the interaction 
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between NMJ stability and the synthetic pathway orchestrated by mTOR pathway (Castets et al, 

2020), which is found to be critical for proper innervation (Baraldo et al, 2020). To conclude, 

neurotrophins and growth factors are often recalled as important factors for the innervation and 

thus the maintenance of an established activity-dependent interaction, through a beneficial 

crosstalk among the two sides of the junction (Saini et al, 2021). In particular, insulin growth factor-

1 (IGF1) has been presented as a key factor in muscle trophism and plasticity, modulating a wide 

range of molecular aspects. During ageing, overexpression of IGF1 promotes beneficial effects on 

mass through an ameliorated mass, mitochondrial biogenesis and autophagic flux and an improved 

NMJ appearance (Ascenzi et al, 2019). 

Nevertheless, it is noteworthy to say that all these observations and assessments are evaluated in 

transgenic mouse models or cell systems in which a genetic manipulation of factors involved in the 

pathways under investigation was performed, pushing thus the system to an extreme in adaptations 

and modulations of the responses driven by the modification. In a physiological condition as ageing, 

in which the system undergoes changes and detrimental outcomes, a situation in which some of the 

pathways previously mentioned are completely dismissed is not always evident, but conversely, 

complementary mechanisms are established to cope with changes and to compensate in an attempt 

to restore back to a functional situation. 

3.1 Evaluation of PGC1α modulatory effects following interventions  

Due to its main relevance on NMJ assembly and maintenance, we firstly evaluated levels of PGC1α 

in all the old mice groups under investigation (Figure 41). 

 

Figure 41. Transcript levels of SIRT1, PGC1α and TFAM in Gastrocnemius, three of the major markers 
of mitochondrial biogenesis and energy sensors for the modulation of the metabolism. SIRT1 is an 
enzyme recruited for substrate deacetylation. PGC1α, one of SIRT1 targets, is a master regulator of 
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muscle and mitochondrial metabolism. TFAM (transcription factor A) is involved in mtDNA replication 
and transcription. The * denotes a significant difference among the groups. Difference is considered 
significant when P < 0.05. 

SIRT1 significantly increased in the Old EX group, while nitrates did not show any particular trend, 

neither alone nor in combination with EX. SIRT1 is proven to be highly expressed following exercise 

(Radak et al, 2020) as a response to stimulate and increase mitochondrial adaptations to exercise 

training, mainly through PGC1α deacetylation and subsequent nuclear translocation. In this case, 

PGC1α transcript levels and protein levels (not shown) in our elderly animals did not change in any 

of the treatments proposed. It is known by transversal studies on PGC1α protein levels that its 

overexpression is limited to few hours after exercise bouts (Tadaishi et al, 2011) and depends on 

the intensity of the exercise (Tanaka et al, 2017). Moreover, its transcriptional activity is dependent 

by its localization (active when translocated into the nucleus) and its post-translational 

modifications (as for example phosphorylation promoted by AMPK and deacetylation by SIRT1). Due 

to a higher SIRT1 induction following exercise, we can speculate that PGC1α transcriptional activity 

is promoted due to SIRT1-mediated deacetylation, even if SIRT1 has been demonstrated to have a 

nuclear activity independent by its protein content that positively correlates to mitochondrial 

biogenesis factors (Gurd et al, 2011). This assumption is confirmed by high levels of TFAM 

(transcription factor A) expressed at the level of the myonuclei, which translocates within the 

mitochondria to replicate the mtDNA and to promote transcription of the mitochondrial genes 

(mainly the ETC complexes). In our experimental groups, we found TFAM surprisingly overexpressed 

even in Old N. A strict correlation among inorganic nitrate and TFAM induction was studied at the 

level of the kidney (Zhang et al, 2021), while increasing NO concentrations in pluripotent stem cells 

is found to activate endoplasmic reticulum stress responses and so PGC1α activity in an attempt to 

recover from this situation (and thus upregulate all the mitochondrial genes it transcribes, 

Caballano-Infantes et al, 2017). What is clear is that TFAM overexpression, induced by all the 

intervention our 24-mo mice underwent, is considered beneficial for mitochondrial health. 

Moreover, transcriptional activity of TFAM on mtDNA promotes transcription of complexes forming 

the respiratory chain which can be more efficient in their activity, replacing the old ones (as 

evaluated through the High Resolution Respirometry). 

On the other hand, PGC1α role for the transcription on subsynaptic genes does not seems to occur 

since the genes involved in the structural organization of the postsynaptic junction (AChR subunits 

and MuSK) were substantially not modulated by any of the intervention (Figure 33), as a reflection 
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of the unchanged PGC1α content. This is quite surprisingly especially for the exercised condition: 

genetic manipulation of mice for the overexpression of PGC1α is mainly justified as for the creation 

of a molecular scaffold resembling all the beneficial effects the exercise has on the metabolism 

through PGC1α. 

To conclude, the master regulator PGC1α was not modulated by neither nitrate supplementation 

nor exercise, and this is reflected by the expression of the genes directly involved in the NMJ 

assembly and stability which were not changed in elderly animals following intervention. Moreover, 

no changes at the level of mitochondrial mass were evaluated (TOM20 did not change following 

interventions, data not shown), meaning that PGC1α did not promote biogenesis. 

3.2 Evaluation of autophagic flux following interventions  

We investigated key proteins involved in the progression of the autophagic machinery in order to 

evaluate the consequences of interventions on 24-mo mice and if this pathway could be directly 

related to NMJ changes (Figure 42). 

 

Figure 42. Factors involved in the autophagic flux. a) Transcript levels of p62 in Old CTRL vs Old N, Old 
EX and Old EX+N. b) Protein levels of p62 normalized on GAPDH and LC3B II normalized on LC3B I in old 
mice groups. Graphs are accompanied by representative Western Blot images. Difference is considered 
significant when P < 0.05. 

Autophagic flux in 24-mo mice was demonstrated to be impaired in its progression, due to an 

accumulation of p62 in old mice compared to young littermates. Nitrate supplementation and 

endurance exercise did not promote any change in the expression of factors involved in autophagy. 

Because it is a process involved in the clearance and turnover of damaged components to allow 

correct functionality of active structures, among which the NMJ, the changes in NMJ stability were 

not thus attributable to changes in the autophagic flux due to a non-efficient modulation of the 

interventions on this pathway. However, this outcome was quite unexpected due to the notion that 

different exercise intensities, even during ageing, modulates the autophagic flux (Zeng et al, 2020). 
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3.3 Evaluation of the synthetic pathway following interventions  

According to the literature, we evaluated the expression of key factors involved in protein synthesis 

in the Gastrocnemius of 24-mo mice subjected to nitrate supplementation and exercise training. 

The Akt/mTOR axis is thus elucidated in Figure 43.  

 

Figure 43. Muscle protein synthesis in Gastrocnemius of old mice. Protein levels of the major factors 
involved in the mTOR synthetic pathway, all normalized for the housekeeping GAPDH. Juxtaposed, 
representative Western Blot images relative to the synthetic pathway. The * denotes a significant 
difference among the groups. Difference is considered significant when P < 0.05. 

Akt and mTOR protein level of both total and phosphorylated isoforms maintained the same levels 

among the different groups of mice: the two interventions were not able to modulate the activity 

of this axis in elderly mice. Conversely, phosphorylated p70S6K and its downstream factor S6 

(directly involved in the translation initiation) showed a significant increase in Old N group compared 

to the CTRL animals. Moreover, p70S6K significantly increased in the combined EX+N group of mice, 

suggesting a nitrate-dependent augment of this factor. Total protein content of p70S6K was at the 

same level increased in nitrate supplemented animals compared to old, while the S6-kinase showed 

an increase in its protein content either in the total and in the active phosphorylated isoform. 

Moreover, its increased activity was even demonstrated by the higher levels of its downstream 

regulated factor S6, which showed an increased phosphorylation percentage compared to Old CTRL. 

The mechanism through which nitrate supplementation improves the latter stages of the synthetic 

pathway are not fully elucidated in the literature, but it was demonstrated that dietary 
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supplementation of NO-donor protects muscle from wasting by increasing protein synthesis in an 

mTOR-dependent manner, promoting increase in both mTOR phosphorylation at Thr-2446 and 

p70S6K at Thr-389 (Wang et al, 2018). 

A major consequence of an increased protein synthesis was visible through muscle mass 

evaluations: in a system in which some treatments promoted MPS (with no changes at the level of 

the protein breakdown, data not shown), a modulated muscle plasticity in favour of a hypertrophic-

like scenario could be promoted. Cross-sectional areas of transversal sections from Gastrocnemius 

were evaluated in all Old groups (Figure 44). 

 

Figure 44. Cross sectional area (CSA) analysis of transversal fibers from Gastrocnemius and 
representative immunofluorescences. Green channel represents the dystrophin. Scale bar 100 µm. The 
* denotes a significant difference among the groups. Difference is considered significant when P < 0.05. 

CSA of 24-mo mice strongly increased following nitrate supplementation. Significant results were 

even reached in the combined Old EX+N group, compared to the Old CTRL. Exercise alone did not 

promote hypertrophy of old mice. By the analysis of CSA, nitrate had beneficial outcomes on muscle 

mass, mainly explained by the increased p70S6K induction and higher levels of phosphorylated S6 

factor. The combined treatment aswell underwent hypertrophy compared to the Old CTRL, 

attributable to high levels of phosphorylated p70S6K. Synthesis could thus promote an increase in 
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muscle mass related to nitrate-treated groups. Exercise alone did not cause a significant increase of 

CSA, that could therefore be labelled as a NO-dependent event. 

Overall, muscle mass increased following NO supplementation, while exercise did not show 

hypertrophic patterns. This was sustained by a boost in phosphorylation of factors downstream the 

Akt/mTOR pathway. An increase in synthesis of proteins may concern beneficial turnover of muscle 

components in old mice, even if no counterbalanced protein degradation is stimulated. To conclude, 

by modulation of the synthetic pathway and the remodelled plasticity the muscle underwent, NO 

supplementation alone could be explicative of ameliorated NMJ morphology through the activity of 

this pathway. 

3.4 Evaluation of trophic factors and neurotrophins following interventions 

We evaluated transcript levels of IGF1 in 24-mo mice subjected to interventions to assess any 

modulatory effects nitrates and exercise promoted on it (Figure 45). Transcript levels were solely 

augmented in the combined EX+N group compared to Old CTRL mice. Exercise alone favoured its 

expression, even if no significant trends were visible. Nitrate supplementation alone did not change 

IGF1 levels. At the level of mitochondria, IGF1 overexpression could be linked to an ameliorated 

mitochondrial function (ref. to High Resolution Respirometry) in elderly mice (Poudel et al, 2020), 

even if factors involved in mitochondrial remodelling were not significantly changed following EX+N 

combination, apart from TFAM higher levels. IGF1-mediated neurotrophic and neuroprotective role 

in the central and peripheral nervous system is well known and solid (Bianchi et al, 2017), as the 

effects the exercise promote on neurotrophic factors like IGF1 and BDNF (Hachisu et al, 2020). In 

line with this, we can speculate that IGF1 is involved in the remodelling of the presynaptic side (no. 

of branches, average length of branches and overall complexity of presynaptic side, ref. 

“morphological evaluations of NMJ”, Paragraph 2.3.2), acting on NMJ stability and morphological 

features. 

In addition, neurotrophic factors BDNF and NT4 were evaluated in their transcript levels in all Old 

cohorts (Figure 45), to evaluate if interventions modulate their expression and thus if they can be 

considered promotor of presynaptic remodelling at the NMJ. 
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Figure 45. Growth factor IGF1 and neurotrophins’ expression on Gastrocnemius. a) Upper panel 
depicts transcript levels of IGF1 and relevant neurotrophins. b) Lower panel depicts protein levels of 
Neurofilament H (heavy) and Neurofilament L (light), juxtaposed with their representative Wester 
Blots. c) On the right, evaluation of axon diameter from all 24-mo mice with and without intervention 
(in µm). The * denotes a significant difference among the groups. Difference is considered significant 
when P < 0.05. 

Both brain-derived neurotrophic factor and neurotrophin-4 were highly induced following exercise 

training. Transcript levels neither changed following nitrate supplementation nor with the combined 

intervention. As a matter of fact, NT4 was significantly increased in Old EX group compared to both 

nitrate treated groups. BDNF acts on muscle as a powerful regulator of its plasticity (Sakuma and 

Yamaguchi, 2011), being stimulated by neuromuscular activity and acting as an autocrine factor on 

muscle to activate TrkB receptor, to initiate a cascade of events involving Akt and AMPK pathways. 

Together with NT4, they are moreover released from the muscle to promote a paracrine activity on 

the axon terminal at the NMJ, boosting neuronal survival and stimulating axon sprouting. The 

increase in transcript levels of both BDNF and NT4 are not IGF1-dependent, but as the literature 

suggests, we can consider them as a result of the exercise stimulation from the activity of the 

interacting nerves. 

To better evaluate the effects of the neurotrophins on presynaptic parameters, we evaluated the 

amount of neurofilaments that compose the motor neuron axon. Motor neuron axons are finely 

formed by a maintained stoichiometric assembly of Neurofilament Heavy, Medium and Light chains 
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(Nf-H:Nf-M:Nf-L in a 7:3:2 proportion, as suggested by Zucchi et al, 2018). Changes in proportions 

can be subordinated to adaptive modulations of their expression following physiological and 

pathological outcomes. We analysed the protein levels of Nf-L and Nf-H, the most and the least 

represented filaments composing the motor neuron axon, respectively. We were not measuring the 

relative proportion of those, but only the protein level, due to the assumption that Nf-L is the one 

that undergoes high plasticity in its expression. As expected, no changes in Nf-H was visible following 

two months’ intervention, while regarding Nf-L levels, exercise training and the combination with 

nitrate supplementation highly increased its expression, meaning that axon was stimulated to 

remodel itself through Nf-L higher levels. Nitrate alone did not show a significant trend but an 

increase in neurofilament-L content is clearly visible (+ 37%). 

The significant increase in neurotrophins following exercise training were thus explicative of an 

increase in Nf-L polymerization in the formation of the axon, that was thus confirmed by the 

morphological analysis of the axon diameter, in which we demonstrated that axon terminal 

underwent hypertrophy, compared to the Old CTRL. The mild increase of neurotrophins in the EX+N 

group reflected the trend assessed for the axon diameter analysis, while the high levels of Nf-L for 

this treatment could be attributed to IGF1 activity. 

Overall, we can conclude that neurotrophins and IGF1 together were associated with the 

remodelling of the presynaptic neuromuscular junction mainly induced by exercise training. Old EX 

and Old EX+N seemed to be subjected to complementary activity of these factors on the NMJ 

outcomes. The remodelling was confirmed by the axon diameter analysis in which the diameter of 

axon terminals of the motor neurons was measured and compared to the Old CTRL. To strengthen 

these results, we evaluated the protein levels of the neurofilaments, among which an increase in 

Neurofilament-L was assessed, the stoichiometrically mostly represented in the formation of the 

axon. Nitrate alone did not promote any change in these parameters, despite changes in 

morphological features were evaluated, regarding the presynaptic organization. 

  



134 
 

CONCLUSIVE REMARKS 

In order to evaluate the beneficial effects of interventions such as exercise training and dietary 

supplementation on sarcopenic subjects, we investigated the key molecular pathways downstream 

of the structural organization and maintenance of the NMJ in an attempt to understand the 

molecular muscular mechanisms that drive the adaptations of the junction in elderly. We promoted 

our study in a wild-type animal model that physiologically undergoes ageing. We primarily started 

by the characterization of our elderly male animals (24-months old) in comparison with young adult 

littermates (7-months old), so as to evaluate all the age-related features this model shows. In doing 

so, we studied the molecular pathways involved in the stability and innervation status of the old 

mice, to have a primary framework of NMJ changes during ageing. We then promoted two-months 

intervention on 22-months old mice to evaluate NMJ molecular and morphological changes 

modulated by endurance training and nitrate supplementation, so as to compare animals of the 

same age (24-mo). The combination of the two was even evaluated as suggested by experimental 

evidence coming from the sports science literature (ref. “Nitrate supplementation as exogenous 

beneficial intervention on physical performance”, Chapter 2.5). Evaluation of NMJ changes and 

remodelling patterns was then combined with the study of molecular pathways involved in muscle 

plasticity, to describe the relationship between NMJ and muscular adaptations triggered by the 

interventions. 

• Sarcopenia-related adaptations 

We compared different aspects of the skeletal muscle from elderly and young mice to characterize 

the mouse model within the sarcopenic profile. The choice of this age was suggested mainly by the 

literature (Xie et al, 2021), but also by comparative studies of age between mice and humans (Figure 

46; Ratto et al, 2019), in which biological senescence arising at early sixties in humans is 

corresponding to 18 months in mice. Our 24-mo mice are thus reflecting 80 years old humans (an 

age in which statistically the decline of sarcopenia-related features is assessed in 11 to 50% of 

worldwide subjects). 
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Figure 46. Comparative age between men and mice. Observations were obtained following 
transversal behavioural studies during their life span (adapted from Ratto et al, 2019). 

Most of the analyses were focused on the fast Gastrocnemius muscle, based on the assumption that 

during lifespan, the remodelling of muscle fiber type composition is caused by continuous cycles of 

denervation/reinnervation, with a much prominent denervation occurring in type-II fast fibers with 

the passing of time, that eventually lead to atrophy and loss of muscle mass (Gouspillou et al, 2013). 

On the contrary, oxidative type-I fibers display resistance to denervation, with slow motor neuron 

strongly interacting with oxidative fibers, which thus increase in their percentage as a protective 

effort against age-related atrophy (assessed in rodents by Kung et al, 2014, in humans by Brocca et 

al, 2017). 

Elderly mice showed a decrease in body weight and isolated muscle weight to body weight ratio, a 

widely used index of sarcopenia (Ezzat-Zadeh et al, 2017), confirmed by a significant decrease in the 

fibers cross-sectional area. Muscle phenotype of old animals showed a significant increase in the 

percentage of slow type-I fibers, with no changes in fast-type composition, in line with the typical 

increase of hybrid fibers during ageing (Moreillon et al, 2019), namely the co-expression of different 

MHC isoforms within the same fiber. Muscle exhibited typical histological features of aged muscle, 

i.e. central nuclei and fibrotic infiltration, the latter depicting a deposition of a non-contractile tissue 

that can hamper the function of the muscle, in a typical sarcopenic-like model (Mann et al, 2011). 

Molecular pathways underlying age-related atrophy revealed that an increase in muscle protein 

breakdown is highly elicited and causative of a reduced muscle mass (Sandri et al, 2004). Conversely, 

protein synthesis did not change, limiting the turnover exchange that physiologically occurs under 

the plasticity remodelling of muscle tissue. Autophagy, another mechanism involved in the 

maintenance of muscle mass and clearance of damaged components (Masiero et al, 2009), was 

found impaired in old mice compared to young littermates. An accumulation in p62 is mostly 
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associated to a slower or inhibited autophagic flux whenever other pro-autophagic factors are not 

changing, as in our case, to finalize the degradative process (Sakuma et al, 2016). Mitophagy, the 

selective removal of damaged mitochondria, in the same way, is impaired due to the accumulation 

of Parkin, which recruits p62 on the surface of compromised organelles, in a heterogeneous system 

maintained at baseline levels (LC3B II does not change in elderly animals compared to the young 

cohort). In agreement with an impaired degrading process, the augmented levels of pro-fusion 

proteins not accompanied by increased mitochondrial biogenesis factors suggest the presence of 

hyper fused mitochondria in ageing condition. In rodents, it was demonstrated that giant 

mitochondria accumulate during ageing, with a declined inner membrane potential, in an 

impoverished mitophagic scenario (Navratil et al, 2008, Garcia et al, 2013, Leduc-Gaudet et al, 

2015). The high AMPK phosphorylated levels found in old mice, indicative of an impaired AMP/ATP 

ratio, suggest an ineffectiveness in energy production. 

The last characteristic to define mice as sarcopenic was the evaluation of denervation and the NMJ 

stability, by means of studying molecular patterns involved in these phenomena. As previously 

mentioned regarding fiber type shift, lots of evidence have demonstrated that repeating cycles of 

denervation and reinnervation occur during lifespan and even in aged muscles (Hepple and Rice, 

2016). We evaluated transcript levels of the well-established denervation related factors HDAC4, 

Gadd45α, MyoG, Runx1, AChRγ and NCAM1 in Gastrocnemius of old mice (Barns et al, 2014, 

Soendenbroe et al, 2020), revealing a high expression level of all these parameters. 

Overall, these data confirm that the frame window we evaluated on mice is falling within the 

sarcopenic pathology, showing all the hallmark features of ageing as relevant markers for muscle 

trophism and junctional innervation. 

• NMJ morphological evaluations: effects of interventions 

As regards with dietary supplementation, notions from sports science suggest an improvement in 

muscle contractile properties (Haider and Folland, 2015) and tolerance to exercise efforts (Husmann 

et al, 2019) in humans following nitrate-rich beetroot juice supplementation. In mice, 1mM NaNO3 

supplementation ameliorates exercise tolerance and voluntary exercise inputs (Ivarsson et al, 2017, 

Ferguson et al, 2020), but little is known regarding the molecular mechanisms at the basis of this 

beneficial outcome and, in the specific, at the level of the NMJ. We intervened on 22-mo mice 

through 2 months’ endurance training exercise and 2 months’ NaNO3 supplementation to modulate 

muscular aspects impaired by ageing. We thus studied the effects of these interventions on the 
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morphology of the NMJ to evaluate any effect leading to a remodelling of the structure, schematized 

in the following Table 6. 

 

Table 6. Schematized values relative to the analysis of the Neuromuscular Junction (NMJ) 
morphology, divided in pre, post synaptic and the interaction among the two structures. Values arise 
from the analysis of images processed by the Confocal Microscopy. Values of Old CTRL are represented 
as means ± SD and used as reference values for comparison with the other groups. Arrows represent 
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the trend above or below the reference Old CTRL, based on statistical evaluations (student t-test 
between Young CTRL and Old CTRL and ordinary One-Way ANOVA for the comparison among all Old 
groups). ↔ indicates unchanged values compared to the Old CTRL. 

The morphological parameters were analysed following the “NMJ-morph” macro commands for 

image analysis (through Fiji, ImageJ software), explained in detail by Jones and colleagues (Jones et 

al, 2016). Arrows mark all the significant changes in comparison with the reference Old CTRL group. 

At first sight, ageing mainly impacted on the superimposition and thus the interaction between the 

pre and postsynaptic structures, as well as the fragmentation (as evaluated in the timing evolution 

of mice from 2 to 28-mo, Cheng et al, 2013). Ageing thus reversed a young healthy condition in 

which the structures were fully overlapping, with a strong decreased fragmentation due to active 

crosstalk and activity-dependent maintenance of the structure, sustained by a hypertrophic axon 

terminal innervation. 

The presynaptic remodelling seemed to be the most affected by all the interventions, separately 

and in combination, resembling the Young condition in most of the parameters. Postsynaptic values 

were ameliorated regarding the compactness of AChR spatial organization, in aged mice subjected 

to nitrate supplementation and exercise, separately. The neuromuscular plasticity thus reflected the 

adaptability in the remodelling of the components it is formed by, flattering in our case the 

evaluations regarding perimeters and areas of the NMJ separate sides. The junctions displayed a 

divergence among the Old mice and the Old treated ones, collocating the latter to an ameliorated 

structural organization which resemble the young condition (characterized most of the times by 

continuous AChR tubuli and linear structures, ref. to Image 38). Lastly, the overlap between the two 

sides of the junction was strongly ameliorated only in the exercised cohort, locating this trend closer 

to the young littermates, while a decrease in fragmentation and thus receptor clusters visibly 

occurred in N and EX groups, resembling even in this case a younger condition. 

Overall, these data indicated a decline in the NMJ morphological organization in elderly mice, as 

well as the ability to respond to treatments with an appreciable remodelling of the junction at 

different degrees and levels. Endurance exercise in old mice was the most efficient treatment that 

drove the morphology to a beneficial spatial reorganization, closer to the young condition and thus 

to a widely functional crosstalk. Nitrate supplementation acted on some parameters (not all the 

same as the exercise ones) that at the end resulted again in a decreased fragmentation and smaller 

junctions (attributable to a higher remodelling occurring mainly in fast fibers; Mech et al, 2020). The 

combined treatment just showed an improvement in the complexity of the presynaptic side, with 
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any surprisingly cumulative beneficial effects from those seen in NaNO3 supplementation and 

exercise training, singularly. 

Different mechanisms could be explicative of a remodelling of the NMJ, and an intricate network of 

signalling molecules are causative of various effects that not only modulate the junction assembly, 

but also play important roles in skeletal muscle plasticity and promotion of health.  

• Dietary nitrate-related adaptations in elderly mice  

Nitrates supplementation decreased NCAM1 expression and the number of NCAM1 positive fibers 

suggesting an accomplished axonal attachment thus clearly indicating a beneficial effect on muscle 

denervation in old mice. In addition, a clear modulation of the intracellular synthetic pathway by 

nitrates intake was observed, based on the high levels of phosphorylated p70S6K and S6, factors 

directly involved in the initiation step of protein synthesis. As a consequence, a positive effect on 

fibers size was obtained. This is supported by in vitro evidence showing that L-Arginine 

supplementation enhances protein synthesis signalling pathway in an NO-dependent manner 

(Wang et al, 2018).  

Recently, focus has been given to the connection between Akt/mTOR pathway and the maintenance 

of the NMJ, demonstrating that this complex axis goes beyond the canonical synthetic pathway, 

orchestrating factors involved in the stability and innervation of the junction (Baraldo et al, 2020, 

Castets et al, 2020). A reduced fragmentation and a simplistic and compacted structural 

organization can thus be guided by NO-dependent p70S6K and S6 activity. 

Regarding muscle functionality, ex vivo resistance to fatigue and mitochondrial respiration were 

both enhanced by nitrates intake. This ameliorated outcome could be explained by the exogenous 

NaNO3 supplementation we approached in this study, which il closely resembling physiological 

levels and can thus boost the respiration (Sakamuri et al, 2020). This beneficial effect challenges the 

dogma regarding the inhibitory and detrimental effects of NO, mainly based on the promotion of 

nitrosative damage directly on mitochondrial complexes, caused by high concentrations of NO, 

which is unlikely to occur by the action of endogenous NO (Poderoso et al, 2019). The mitochondrial 

aspect is of undoubted importance also in the light of evidence indicating that mitochondria may be 

either a primary trigger or at least an important player in NMJ instability in both junctional elements 

(Rygiel et al, 2016). 

• Endurance exercise-related adaptations in elderly mice  
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Alongside the beneficial features of the remodelled morphology of both pre and postsynaptic sides, 

and the interaction between the two, observed in old mice following training, a reduction in 

NCAM1-stained positive fibers and expression was observed, indicating a beneficial effect on muscle 

denervation in old mice. In addition, a strong induction of neurotrophins (BDNF and NT4) was also 

found following exercise in elderly mice, directly correlated to the NMJ morphological ameliorations 

(Kreko-Pierce and Eaton, 2018). Therefore, the observed nerve terminal hypertrophy could be 

mediated by neurotrophins which guide the axon to reinnervation (Hoyng et al, 2014) and, once the 

active-dependent feedback signalling was established, neurofilaments increased in their assembly 

so as to promote a strong connection. 

Exercise, moreover, promoted an increase in the expression of the regulatory factor SIRT1 which, 

through deacetylation and direct nuclear activity, can trigger a cascade of events beneficial for 

mitochondrial adaptations. It can thus be directly or indirectly (through PGC1α) responsible for 

TFAM induction, which is then recruited for mtDNA replication and transcription of mitochondrial 

genes (all relating to the ETC system). In agreement with this, a much more efficient and functional 

ETC was found in terms of decrease in proton leakage through the High-Resolution Respirometry 

technique. This was then accountable for an ameliorated oxidative phosphorylation coupling 

efficiency (Harper et al, 2021) observed in mice after 2 months’ endurance exercise training. By the 

way, this mitochondrial functional improvement assessed in all treatments was not accountable to 

changes in mitochondrial mass and/or parameters regarding its dynamicisms, speculating an 

intrinsic beneficial outcome independent by molecular adaptations. As previously said, a feedback 

mechanism between NMJ and mitochondria is speculated in the literature, suggesting even in this 

case a connection among the ameliorated functionality of these organelles and the increased NMJ 

morphological outcomes. 

Surprisingly, the nitrates and exercise combined intervention did not display any additive effects 

than the single ones. This aspect will need further investigation. 
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FUTURE PERSPECTIVES 

Remodelling in response to nitrate supplementation and exercise occurs in skeletal muscle of elderly 

sarcopenic mice. The beneficial effects are achieved at NMJ, muscle size and mitochondrial 

respiration levels, proposing a model in which functionality is ameliorated and demonstrating that 

there is no excessive resistance to adaptations in elderly conditions. The results obtained encourage 

the study of nitrate supplementation in elderly humans to verify its efficacy in counteracting NMJ 

detrimental ageing. 

Because sarcopenia, and all the debilitating outcomes it carries with, are highly affecting the quality 

of life of elderly fragile people, the evaluation of efficacy non-invasive strategies are nowadays 

covering a relevant role to ameliorate this condition. Moreover, some of the pathways and 

dysregulations occurring during ageing can be shared with neurodegenerative pathologies, and so 

the study of the NMJ and the pathways involved in its morphological improvement can be 

suggestive of approaches to mitigate the time course of events. 
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