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1. Abstract 
 

Duchenne Muscular Dystrophy (DMD) is one of the most severe forms of inheritable muscular 

dystrophies that affects 1 in every 5,000 boys. DMD is caused by a genetic mutation on the X 

chromosome, which results in the loss of the full-length protein, dystrophin. Dystrophin plays 

a stabilising role by connecting the cytoskeleton of muscle fibres to the extracellular matrix, 

with the absence of dystrophin directly correlating with the severity of DMD. It has been 

previously shown that the drug, rapamycin, improves dystrophic muscle function, in part, 

through the upregulation of the process known as autophagy. This autophagic process plays 

a role in degrading/removing damaged molecules, including lipids and proteins. Long term use 

of rapamycin, however, may result in toxic side effects that makes its use as a DMD treatment 

limited. Because of this, finding a non-toxic inducer of autophagy may be beneficial in treating 

DMD. One molecule that is known to activate autophagy in a range of tissues, including 

skeletal muscle, is the polyamine spermidine. To date, however, the effect of spermidine-

induced autophagy has not been investigated regarding its potential to improve the DMD 

muscle phenotype, as well as the differences between polyamine pathway enzyme levels 

between dystrophic skeletal muscle and WT. 

2. Aims of the Project 
 

▪ Determine whether there are any genotypic differences within the polyamine pathway 

enzymes 

▪ Determine whether polyamine pathway protein expression is altered with spermidine 

supplementation 

▪ Determine whether spermidine supplementation improves the dystrophic phenotype of 

mdx mice i.e. muscle structure and function 

▪ Determine whether any beneficial effect of spermidine is associated with increased 

autophagic activity 
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3. Contribution to Knowledge 
 

The current gap in knowledge is that no studies have investigated whether spermidine has an 

impact on the regulation of autophagy in a model of DMD. Literature has indicated 

spermidine’s ability to induce autophagy in many different models, including skeletal muscle. 

Increased autophagy has also been shown to improve skeletal muscle in many models of 

dystrophy, including DMD, however to date, no studies have examined whether spermidine 

supplementation improves dystrophic skeletal muscle function and histopathology in a model 

of DMD, and whether this would be associated with increased autophagy. Furthermore, no 

studies examined potential differences in the expression of key enzymes within the polyamine 

pathway in DMD muscle compared to healthy muscle.  

4. Literature Review 
 

4.1 Skeletal Muscle 

 

Skeletal muscle is the largest of the three types of muscle tissues, making up roughly 40% of 

the total human body (1). The importance of skeletal muscle is exemplified in its roles in bodily 

movement and posture, maintaining body temperature, whole body metabolism, disease 

prevention and sustaining a person’s overall quality of life (2, 3). Thus, the overall maintenance 

of muscle mass and function is essential in maintaining/increasing overall health status. Those 

who exhibit dysfunctional skeletal muscle have shown a decrease in muscle function and an 

increase in morbidity, resulting in an increased burden on family and caregivers, the patients 

decreased independence, lifespan and quality of life (4-6). Some diseases that are associated 

with dysfunctional muscle include aging (7), immobilisation (8), diabetes (9), obesity (10), 

Human Immunodeficiency Virus (HIV) (11), Amyotrophic Lateral Sclerosis (ALS) (12), and 

Duchenne Muscular Dystrophy (DMD) (13). 
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4.2 Duchenne Muscular Dystrophy 

 

DMD is a progressive neuromuscular disease caused by genetic recessive mutations within 

the dystrophin gene (DMD gene) on the X chromosome, resulting in premature stop codons 

and the loss of expression of the full-length 427 kDa cytoplasmic protein, dystrophin (14, 15). 

DMD effects 1 in every 5,000 newborn males which results in mechanistic changes that lead 

to muscle weakness and damage, usually noticed at ages 2-5 and continuing throughout the 

remainder of their shortened lifespan (16).  

The dystrophin protein is comprised of four main functional domains: an n-terminal domain 

which allows for actin binding (ABD1), a central rod domain that is comprised of 24 spectrin 

protein repeats which is interspaced with proline-rich hinges providing flexibility, a cysteine-

rich domain for β-dystroglycan binding, and a carboxyl-terminus for the binding of scaffolding 

proteins such as syntrophins and dystrobrevin (17).  

Dystrophin is found primarily in muscle cells and plays an essential role in muscle membrane 

stability through establishing a connection between the extracellular matrix and cytoskeletal 

actin (Fig. 1) (18).  

Figure 1. Dystrophin extracellular matrix/cytoskeleton complex. Dystrophin is a rod-shaped protein that forms 
a connection between the extracellular matrix and the γ-actin of the subsarcolemmal cytoskeleton of muscle 
fibres. This is done via dystrophins ability to interact with the α/β dystroglycan and laminin-2 complex, which is 
then bound to the sarcoglycan subcomplex (consisting of α, β, γ and δ sarcoglycan), allowing for stability of the 
muscle fibres through muscle contractions. Created with BioRender. 
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More specifically, dystrophin connects the γ-actin of the subsarcolemmal cytoskeleton of 

muscle fibres to proteins on the extracellular matrix, forming part of the dystrophin protein 

complex (DPC) (18, 19). Dystrophin, through its functionality as a flexible cytoplasmic protein, 

interacts directly with β-dystroglycan, a transmembrane protein, and allows for the DPC’s 

connection to α-dystroglycan, an extracellular protein, via its cysteine-rich C-terminal region 

(20). α-dystroglycan is heavily glycosylated, permitting it to function as a receptor to Laminin-

2, an extracellular ligand responsible for the migration and organization of cells into muscle 

tissue (21).     

This α/β-dystroglycan complex is tightly bound to the transmembrane sarcoglycan 

subcomplex that is present within the plasma membrane of a muscle cell known as the 

sarcolemma (17). Within skeletal muscle, this sarcoglycan subcomplex is created through 4 

individual transmembrane proteins; α-sarcoglycan, β-sarcoglycan, γ-sarcoglycan and δ-

sarcoglycan (17). This sarcoglycan subcomplex aids in the stability of the sarcolemma, with 

the loss of any of the sarcoglycan subunits directly effecting the stability of the DPC (17). 

This connection of the γ-actin of the subsarcolemmal cytoskeleton to the sarcolemmal 

dystroglycan/sarcoglycan complex via dystrophin, results in muscle stability through low to 

high force contractions. Specifically, the force of a contraction is decreased on the 

sarcolemma, through dystrophins central rod domain allowing for the absorption and 

mitigation of forces produced, decreasing the susceptibility of sarcolemmal damage (22). In 

DMD however, the DPC is compromised in both structure and function due to the loss of full-

length dystrophin (17, 23). More precisely, this loss of full-length dystrophin results in the 

sarcolemma taking the vast majority of forces produced during muscle contractions, largely 

due to the compromised connection between the γ-actin of the subsarcolemmal cytoskeleton 

and the extracellular matrix (24, 25). Repeated contractions of even relatively low forces, such 

as during walking, can lead to significant muscle fibre damage. 

Because of this, DMD muscles are continuously undergoing cycles of damage and 

repair/regeneration, that eventually leads to muscle wasting, fibrosis and fatty tissue infiltration 
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(26-28). Consequently, DMD muscles become very weak and those afflicted are typically left 

wheelchair bound early in life and die within their 20-30’s primarily due to respiratory failure 

(29-31). Because of DMD’s negative effects on those affected both physically and mentally, 

sustainable long-term treatments are desperately needed to help improve the quality of life for 

those suffering from DMD. 

4.3 Current treatments for DMD 

 

The only approved treatments currently being used for those with DMD are the synthetic 

glucocorticoid corticosteroids prednisone and deflazacort. Studies have shown that both 

treatment of both prednisone and deflazacort, to differing degrees, have resulted in improved 

muscle strength, reduced risk of scoliosis, and improved pulmonary and motor function. This 

is hypothesised to be due to a stabilizing effect on the sarcolemma throughout low force 

repeated contractions via reduced inflammation (32-37). Despite these promising results, both 

prednisone and deflazacort come with continuous side effects throughout usage that effect 

the patient’s quality of life, due to their immunosuppressant nature. These side effects consist 

of weight gain, stunted growth, delayed puberty, gastrointestinal symptoms, osteoporosis and 

behavioural changes (32-37). These side effects, although potentially intolerable, are still 

favourable compared to the alternative of leaving DMD untreated. Nonetheless, because of 

this, there is an urgent need to identify other potential treatments with less severe side effects. 

The most promising, yet limited, current treatment being studied is the insertion of a micro-

dystrophin gene via an adeno-associated (AAV) viral vector. This micro gene insertion has 

shown improvements to both skeletal muscle structure and function in a canine model of DMD 

(38). Despite these improvements, however, this technique is limited as AAVs have a limited 

packing size and therefore cannot be used to package the full length dystrophin gene, which 

is the largest gene in the genome (39). As such, this would not result in the ‘restoration’ of a 

full-length functional dystrophin protein, further highlighting the necessity for an affordable and 

practical treatment for DMD.  
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Potential treatments utilizing different gene therapy techniques, such as exon skipping and 

nonsense suppression, are currently being explored. Exon skipping aims to silence specific 

mutated exons within the dystrophin gene through the introduction of mRNA sections that 

cause the exon containing the mutated codon to be skipped during translation, resulting in the 

production of a smaller, yet more functional dystrophin protein (40). Nonsense suppression 

therapy uses aminoglycosides to partially restore dystrophins function, through the 

suppression of a premature translation-termination codon (41, 42). The primary issue that 

gene therapy techniques face in the context of DMD, is that due to the size of the gene, 

mutations within it are vastly different, and occur at random sections of the gene (43). 

DMD in ~65% of patents are due to substantial deletions within the DMD gene, with ~7-10% 

occurring through duplications of a single or multiple exons within the DMD gene (44, 45). 

Additionally, ~25-30% of those with DMD have splicing and point mutations, as well as small 

deletions and insertions within the DMD gene (44, 45). Because of these varying mutations 

and their location along the DMD gene, both exon skipping and nonsense suppression have 

a low success rate in the majority of DMD cases. The most successful exon skipping, skipping 

exon 51, only works for 13% of DMD patients. Moreover, only 13-15% of those with DMD 

contain a mutation where nonsense suppression is a viable treatment (45-48). Furthermore, 

the success of these treatments drops significantly for those with multiple mutations of the 

DMD gene (45). Coupled with low success rate of these techniques, and the reality that each 

technique is specified to one person and can’t be applied to the majority of DMD patients, are 

the extensive costs that most can’t afford (~$300,000-$1,000,000) per patient (49).  

Due to the issues outlined with current DMD treatments, and limitation with gene therapy 

techniques, there is an urgency for new immediate treatment options that not only prolong 

lifespan, but also improve the patient’s quality of life. For this to occur, however, a deeper 

understanding of the mechanistic changes that occur through the loss of dystrophin is 

essential. Because of the need for identifying the molecular consequences of the loss of 

dystrophin, and testing of novel therapeutic agents in DMD boys would be unethical, several 
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species (ROS) (51, 52), abnormal intracellular calcium homeostasis (53-55), and prolonged 

chronic inflammation (56-59). 

4.4 Dystrophic Muscle Mechanisms 

 

4.4.1 Reactive Oxygen Species 

 

Reactive oxygen species (ROS) are naturally created by-products from oxygen molecules 

during oxidative cellular metabolism (60). They are highly reactive molecules that primarily 

consist of having an unpaired electron, enabling them to steal electrons from other proteins 

they come into contract with. ROS signalling is neutralized through interacting with 

antioxidants, which donate their spare electron to neutralise its reactivity with other proteins 

and providing redox homeostasis (61). Varying ROS levels are responsible for the regulation 

of cell signalling and differentiation, cell survival and death, and within DMD primarily 

upregulated in inflammation factor production (52). 

ROS are produced at rest, with an upregulation in their production during muscular 

contractions (62). Normal levels of ROS play important roles in cell signalling through their 

modification of cell signalling proteins that change their functionality (62). When ROS 

production is markedly elevated for extended periods of time, they outnumber antioxidants 

synthesised, resulting in ROS remaining unbalanced and subsequent oxidative stress (52). 

The consequences are a negative impact on cellular function through the unmitigated and 

excessive electron theft, and thus damage and instability of DNA, proteins and lipids (63). 

Within DMD muscle, oxidative stress occurs when the production of ROS is greater than the 

production of antioxidants, resulting in macromolecule oxidation which, in turn, contributes to 

an increased muscular damage and dysfunction (52). Enhanced protein oxidation, and 

subsequential oxidative stress, has been documented in both the mdx mouse model (64, 65) 

and human DMD muscle biopsies (66). Furthermore, mdx mouse myotubes have shown an 

increased vulnerability to oxidative stress compared to control myotubes (67). 
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Specifically, this damage is caused through the increase of malfunctional or unstable proteins 

through ROS interaction, further exacerbating the dystrophic phenotype (26). In order to 

neutralise ROS, the upregulation of certain antioxidant pathways, such as Nuclear factor-

erythroid factor 2 (NRF2), have been documented to potentially help mitigate oxidative stress 

within muscle (52). The data suggests that although oxidative stress results in the 

exacerbation of DMD, their neutralization or removal could prove beneficial to improving 

muscle structure and function (62). 

Another potential consequence of elevated ROS in DMD muscles, that is believed to play a 

role in dystrophic muscle damage, is elevated resting levels of intracellular calcium. 

4.4.2 Abnormal Calcium Homeostasis 

During the initiation of a normal muscle contraction, calcium is released from the sarcoplasmic 

reticulum (SR) leading to an increase in cytosolic calcium concentration within the muscle, 

which then decreases back to resting levels when calcium is ‘pumped’ back into the SR when 

the contraction is completed (68). This relation between both an increase and decrease in 

cytosolic calcium is recurrent, highlighting the importance for the maintenance of this calcium 

homeostasis (55). Conversely, in models of muscle disease and ageing, there is an increase 

in basal levels of intracellular calcium compared to healthy muscle (69, 70). Further, the loss 

of dystrophin within DMD skeletal muscle makes the sarcolemma susceptible to damage, and 

combined with increased activation of stretch-activated calcium channels, there is a highly 

negative impact on calcium homeostasis within the muscle (51, 71, 72). 

Data gathered from the mdx mouse has shown that muscle contractions result in abnormally 

elevated levels of resting intracellular calcium compared to healthy skeletal muscle, 

suggestive of damage and increased permeability of the dystrophin deficient sarcolemma (53, 

72-75). These increased levels of intracellular calcium in mdx muscle correspond with 

abnormal SR calcium levels, SR calcium leakage, and trans-sarcolemmal calcium fluxes (55). 

Such varying levels of calcium result in muscle fibre damage, even throughout low force 
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repeated contractions (55). Importantly, this contraction-induced increase in intracellular 

calcium is inhibited in mdx muscle by the antioxidant, N-acetylcysteine (NAC), suggesting that 

oxidative stress plays an antagonistic role in the disturbance in calcium homeostasis (76, 77).  

Mechanistically, this impairment of calcium homeostasis results in downstream molecular 

processes which have the potential to activate calcium-activated proteases, known as 

calpains (78, 79). Calpain activation results in the degradation of cytoplasmic, nuclear and 

membrane proteins, which further contributes to muscle damage and increased amounts of 

dysfunctional proteins, and subsequent cellular apoptosis and chronic inflammation (78-80).  

4.4.3 Chronic Inflammation 

Inflammation is an immune response initiated through the increase of pro-inflammatory 

cytokines from infiltrating inflammatory cells (81-83). Cytokines, such as interleukins and 

lymphokines, are small (<40kDa) signalling proteins that bind to surface receptors of both 

immune and non-immune cells, stimulating regeneration for damaged muscle fibres (81-83). 

In healthy skeletal muscle, cytokine levels decrease once the muscle fibres are regenerated 

and functional again (84). This inflammatory response is essential for normal skeletal muscle 

regeneration of damaged/injured muscle cells, however, in DMD, skeletal muscle 

inflammation is chronic due to the repeated bouts of damage and regeneration (81-83). 

Once pro-inflammatory cytokines are bound to receptors, they have the potential to further 

increase cytokine levels, resulting in chronic inflammation (81-83). Chronic inflammation can 

then drive continual cycles of muscle degradation and regeneration leading to muscle wasting, 

decrease muscle force per fibre, and eventual muscle fibrosis (81-83). These levels of chronic 

inflammation in DMD directly correlate with the severity of disease progression (81-83). 

Furthermore, evidence suggests that constant inflammation may eventually impair the ability 

to repair muscle fibres, resulting in infiltration of both adipose and connective tissue (81, 85).  

The culmination of increased ROS production, elevated intracellular calcium and chronic 

inflammation has the potential to result in an accumulation of damaged, and potentially toxic, 
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proteins within skeletal muscle (86, 87). These proteins may be detrimental to skeletal muscle 

function as dysfunctional proteins are unable to carry out their normal cellular function, and 

have the potential to aggregate within the cell, resulting in the inhibition of essential molecular 

processes and the initiation of stress responses (86, 87). Because of this, the upregulation of 

cellular processes, such as macroautophagy (referred to as autophagy), helps to limit the 

build-up of these toxic proteins and facilitate regeneration by sequestering and degrading 

damaged proteins and other cellular structures (88, 89).  

4.5 Autophagy 

 

Autophagy (self-eating) is a ubiquitous process that breaks down and recycles incorrectly 

folded or toxic proteins that, if left to build up, would cause damage and impair cell function 

(88, 90). The importance of autophagy for maintaining normal cellular function is highlighted 

by studies showing that the upregulation of autophagy increases the lifespan in many different 

models, such as yeast (91), worms (92), flies (93) and mice (94). Importantly, the upregulation 

of autophagy has also been shown as a promising pathway to improve the phenotype of 

muscles from mdx mice (89, 95).  

Autophagy itself is a multi-stepped sequential process (Fig. 3) that begins with the formation 

of a double membrane structure known as a phagophore (88, 90, 96). This phagophore 

elongates around unnecessary or dysfunctional components within the body, encapsulating 

these components with a complete membrane known as an autophagosome (88, 90, 96). After 

the completed formation of an autophagosome, a lysosome then fuses, forming an 

autolysosome (88, 90, 96). This step allows for the release of lysosomal hydrolase enzymes 

that degrade proteins, and other molecules, within the autophagosome (88, 90, 96). During 

this process, the inner membrane of the autolysosome is also degraded (88, 90, 96). 
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phosphatidylinositol (PI) into phosphatidylinositol 3-phosphate (PI3P) at the sites of 

phagophore nucleation, providing a conjugation scaffold for other essential autophagic 

proteins to bind (102-104). 

One such autophagic protein is the commonly used marker of autophagosome completion, 

microtubule-associated protein 1A/1B-light chain 3 (LC3B). LC3B is a protein that is present 

on both the inner and outer membrane of an autophagosome, that is cleaved via ATG4 to 

produce the cytosolic protein LC3B-I (105). LC3B-I is then lapidated with 

phosphatidylethanolamine via the ATG5-ATG12 complex, forming the LC3B- 

phosphatidylethanolamine conjugate (LC3B-II) (106). LC3B-II’s formation results in 

phagophore completion, and subsequent autophagosome formation (106). Thus, an increase 

in the amount of LC3B-II protein (and/or an increase in the LC3B-II to LC3B-I ratio) is a 

commonly used marker for the initial activation of autophagy (107). 

LC3B-II on the inner membrane of the autophagosome conjugates with another commonly 

used marker of autophagy completion, the multifunctional protein, p62. p62 is responsible for 

recognising specific proteins for their breakdown through the autophagic pathway (108, 109). 

Specifically, p62 binds to ubiquitin labelled aggregates, and then interact with LC3B-II (108, 

109). Once p62 is bound to both inner membrane LC3B-II and ubiquitinated aggregates, the 

autophagosome is then fully formed allowing for the final step of autophagosome-lysosomal 

fusion (108, 109).  

The HOPS complex, consisting of the proteins PLEKHM1 and EPG5, plays a role in 

autophagosome-lysosome fusion through its ability to react concurrently with proteins on both 

the lysosomal membrane and the autophagosome membrane (110). Specifically, PLEKHM1 

binds to the nucleotide guanosine triphosphate enzyme, RAB7, present on the lysosome, 

whilst also binding to the LC3B-II on the outer layer of the autophagosome (111). EPG5 plays 

a similar role, binding to both LC3B-II and RAB7 accordingly. It’s the binding of these proteins 

that allows for lysosomal fusion, resulting in the secretion of lysosomal hydrolase enzymes 

inside the inner membrane (112). This results in the degradation of proteins, and other 
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molecules within the autophagosome, while subsequently degrading the inner membrane of 

the double membrane structure (88, 90, 96). This results in some of LC3B-II, and all of p62, 

present on the inner membrane being degraded during the completion of autophagy. As such, 

a decrease in p62 protein is a commonly used marker for the completion of the final steps of 

autophagy (107). 

Importantly, studies have demonstrated that autophagy completion is inhibited in dystrophic 

skeletal muscle (89). Specifically, data in the mdx diaphragm has shown an increase of LC3B-

I and a subsequent decrease of LC3B-II, indicating an inhibition of autophagy completion (89). 

This data is coupled with the increase in p62 levels within the mdx tibialis anterior (TA) and 

diaphragm, suggesting that the incomplete autophagy occurs prior to autolysosome fusion 

(89). Furthermore, levels of lysosomes within dystrophic mdx muscle are decreased, inhibiting 

autolysosome creation (113). Interestingly, the same study showed that many of the 

lysosomes that are present in mdx mice have been detected in the extracellular space, which 

could further reduce rates of autophagy completion of dystrophic muscle fibres (113). This 

data suggests that inhibition of autophagy completion potentially occurs primarily at the 

autophagosome-lysosome fusion stage. Due to autophagy inhibition within mdx mice, there is 

an abundance of malfunctional and misfolded proteins within the muscle (26, 89, 114). These 

proteins can cause further damage to skeletal muscle through aggregating within the cell, 

negatively impacting skeletal muscle health (26, 89, 114). This increased level of muscle fibre 

damage results in further instability to the already dystrophin-deficient sarcolemma, potentially 

negatively affecting muscle function (26, 89, 114). 

Because of the ability of autophagy to remove toxic proteins, upregulation of autophagy within 

DMD skeletal muscle is hypothesised to improve muscle function. Interestingly, a drug that 

has shown to improve muscle function in dystrophic skeletal muscle, whilst activating 

autophagy, is rapamycin (95). 
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4.6 Rapamycin/mTOR/Autophagy Pathway 

 

The lipophilic macrolide antibiotic, rapamycin, is a prominent inducer of autophagy through its 

inhibitory effect on mTORC1 (95). mTOR, G-protein β-subunit like protein (GβL) and the 

regulatory associated protein of mTOR (raptor) are the three functional components of the 

protein complex, mTORC1, which inhibits autophagy through its phosphorylation of ULK1 (99, 

115). Rapamycin inhibits the kinase activity of mTORC1 through conjugating with the 

immunophilin, FKBP12, which binds to mTOR and impedes the mTOR-raptor binding and 

mTOR substrate phosphorylation (116). Importantly, the rapamycin-induced inhibition of 

mTORC1, and subsequent activation of autophagy, has been shown to improve mdx skeletal 

muscle force production, indicating autophagy’s potential therapeutic effect on dystrophic 

skeletal muscle (95).  

Rapamycin, however, is unlikely to be used clinically in human DMD patients due to the 

possibility of long-term side effects, in part, because rapamycin is an immune suppressant 

(117). Because of this, finding a non-toxic long-term activator of autophagy could be important 

as a therapeutic treatment for dystrophic skeletal muscle. One such potential inducer of 

autophagy in skeletal muscle is the naturally occurring polyamine, spermidine. 

4.7 Spermidine and the Polyamine Pathway 

 

Spermidine is a small ubiquitous molecule that is synthesised within the polyamine pathway 

(Fig. 4). The first reaction of the polyamine synthesis pathway initiates with the enzyme, 

ornithine decarboxylase (Odc1) (118). Odc1 synthesises putrescence through the 

decarboxylation of ornithine (118). Putrescine is then converted into spermidine via the 

enzyme spermidine synthase (SpdSyn) (118). For this reaction to occur, an aminopropyl group 

is donated by decarboxylated S-adenosylmethionine (dcSAM), which is catalysed by the 

enzyme, S-adenosylmethionine decarboxylase (Amd1) (118). Spermidine can be further 

converted into spermine via the enzyme, spermine synthase (SpmSyn), which requires the 

same aminopropyl group that is donated via Amd1’s reaction product, dcSAM (118). Spermine 
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Recent publications have also suggested a relation between the polyamine pathway and 

mTORC1 (124). Firstly, in a human prostate cancer cell line (DU145), mTORC1 was shown 

to reduce proteasome system degradation of Amd1 through the direct phosphorylation of 

Amd1 (125). Another potential link was that rapamycin was shown to increase Odc1 activity 

in intestinal IEC-6 cell cultures (126). Furthermore, the transcription factor c-Myc, whose 

expression is increased via mTORC1 activation, has been shown to regulate the transcription 

of Odc1, Amd1 and SpdSyn (127-129). Consistent with this, our lab has recently published 

data showing that Amd1, SpdSyn and c-Myc proteins were upregulated during muscle 

hypertrophy induced by chronic mechanical overload, and that this was prevented by the 

mTORC1 inhibitor, rapamycin (130). Lastly, our lab have also shown that food deprivation-

induced muscle atrophy was associated with a decrease of Sat1 protein levels, coinciding with 

decreased protein synthesis, a decrease in a marker of mTORC1 signalling (phosphorylated-

p70s6k1/total p70s6k1 ratio), and increased LC3B-II/LC3B-I ratio (130). 

Despite the data suggesting a link between changes in the expression of polyamine pathway 

proteins, and mTORC1 signalling during muscle remodelling associated with muscle growth, 

no studies have thoroughly examined the expression of the polyamine pathway enzymes in 

dystrophic skeletal muscle. Furthermore, no studies have examined the effect of spermidine 

supplementation on polyamine pathway protein expression, or on markers of autophagy 

activation, in normal or dystrophin-deficient muscle.  

4.8 Potential mechanisms for spermidine-induced autophagy  

 

One proposed mechanism by which spermidine increases rates of autophagy is through the 

upregulation of AMP-activated protein kinase (AMPK) activity. AMPK is responsible for the 

activation of a range of catabolic processes within the cell, including macromolecule 

degradation via autophagy (99, 131). Importantly, AMPK has been shown to increase rates of 

autophagy in mouse C2C12 myoblasts, through the inhibition of mTORC1, and corresponding 

increase in ULK1 activity (Fig. 5) (132). Although an increase in spermidine has been shown 

to induce autophagy in many different models, there are limited studies that show its molecular 
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is expressed in normal skeletal muscle (137), no studies have examined its expression in 

dystrophic muscle or potential changes in its expression in response to spermidine.  

Regarding spermidine’s potential to activate autophagy in a model of muscle dysfunction, one 

study showed that spermidine (3mM), administered through water supplementation, was able 

to upregulate rates of autophagy and improve the structure and function of muscle in wild type 

mice and in a collagen VI-null myopathy mouse model (although AMPK and MAP1S were not 

examined in this study) (138). This study provides evidence that supports spermidine’s 

therapeutic potential to improve the phenotype of impaired skeletal muscle. However, to date, 

no studies have examined whether spermidine supplementation has the potential to improve 

the dystrophic phenotype of mdx mice, and whether any positive effect would be associated 

with increased autophagy. There is also a gap in the literature examining at the polyamine 

pathway enzymes in dystrophin-deficient skeletal muscle, and whether spermidine 

supplementation would impact any of their expression. 

Therefore, the focus of this master’s project can be split into 4 different, yet connected, aims. 

Firstly is to examine whether there are any genotypic differences in the expression of 

polyamine pathway proteins in slow- and fast-twitch muscle from wild type (WT) and mdx mice. 

Secondly, to investigate whether spermidine supplementation alters the expression of 

polyamine pathway proteins in slow and fast-twitch muscle of WT or mdx mice. Thirdly, to 

determine whether spermidine supplementation improves the structure and function of the 

dystrophic mdx mice. And lastly, to document whether any beneficial effects of spermidine 

supplementation correlate with an upregulation of autophagy initiation/completion. 

5. Methodology and Conceptual Framework 

 

5.1 Spermidine supplementation from 3 to 16 weeks of age 

 

The main objective of this experiment was to determine if long term spermidine 

supplementation improves the structure and function of slow- and fast-twitch mdx muscle. The 

experimental design of this experiment can be seen in Fig. 6. WT (C57/Bl10ScSn) (n=8 per 
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group) and mdx (n=12 per group) mice were divided into vehicle (water) and spermidine 

supplemented treatment groups. The water-soluble polyamine, spermidine, was delivered 

through its addition into drinking water at a concentration of 3mM, as this concentration had 

shown to induce autophagy in the collagen VI-null myopathy mouse model (138). As 

spermidine is light sensitive, the supplemented water was protected from light with a covering 

of aluminium foil to limit the rate of spermidine degradation. Spermidine also degrades over 

time and, as such, spermidine supplemented water was remade every 2 days to ensure the 

correct concentration of spermidine was being supplemented constantly (119). Mice were 

housed in a day/night cycle of 12hrs light/12hrs dark. 

From all mice, the EDL and SOL muscles were harvested for all analysis. These muscles were 

chosen as they are composed of different muscle fibre types, with the EDL being fast-twitch 

and the SOL being predominantly slow-twitch. Mice were then culled under isoflurane 

anaesthesia via the removal of the heart and diaphragm. 
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Thirteen weeks of 3mM spermidine supplementation, starting at 3 weeks of age when mice 

were weened, was completed to target the initiation of aggressive muscle damage that occurs 

in mdx muscles (50). These mice were treated throughout the 13 weeks and were then culled. 

Group 1 and group 2 are identical with both animals and treatment, but split for different 

analysis per hindlimb muscle. 

After the supplementation period (16 weeks of age), group 1 had the EDL and SOL from the 

right leg isolated for histology, while the EDL and SOL from the left leg was used for Western 

blotting (see specific analysis below). Group 2 had the EDL and SOL from the right leg used 

for assessing contractile function (see below), and the EDL and SOL in the left leg to be used 

for determining the concentrations of polyamines at a later date.  

5.2 7-day Autophagy Flux Assay 

 

The main objective for this experiment was to determine if spermidine supplementation 

activates the autophagic flux in dystrophic skeletal muscle. Using the drug, colchicine, this 

experiment aimed to inhibit autophagosome maturation into autolysosomes in vivo, resulting 

in a build-up of autophagosomes, which can be measured as an increased accumulation of 

p62 and LC3B-II protein over a given period of time. This in vivo ‘autophagy flux assay’ has 

been used previously as a ‘dynamic/static’ measurement for rates of autophagy in skeletal 

muscle (107). The experimental design for this experiment can be seen in Fig. 7. Eight-week-

old male WT (n=8 per group) and mdx (n=8 per group) mice were used in this study and 

supplemented with spermidine, or water for controls, for 7 days. 8-week-old mice were chosen 

to observe any possible spermidine changes at the midpoint of the 3-16 week old experiment. 

There was also a WT control PBS (n=3) and a mdx control PBS (n=3) group used to determine 

if colchicine had an effect within the muscle. 
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5.3 Contractile Function 

 

Both EDL and SOL muscles were tied tendon to tendon with 4-0 USP black braided silk and 

placed into a contractile chamber containing Krebs-Henseleit Ringer’s solution (118mM NaCl; 

4.75mM KCl; 1mM Na2HPO4; 1.18mM MgSO4.7H2O; 2.5mM CaCl2; 24.8mM NaHCO3; 11mM 

D-Glucose; pH 7.4). Chambers were bubbled with carbogen (5% CO2 in O2) with the Krebs-

Henseleit Ringer’s solution maintained at 30C. The proximal muscle tendon was hooked onto 

a calibrated force transducer with the distal tendon being fixed to a micromanipulator with 

stimulating electrodes positioned to flank the belly of the muscle. All data was collected and 

analysed using LabChart Pro version 8 software (ADInstruments, New Zealand).  

 

Preceding the contractility experiments, optimal length of each muscle was determined. The 

muscle was activated through a series of twitch contractions every few seconds at increasing 

lengths until its twitch force peaked ensuring optimal overlap of the sarcomeric actin and 

myosin. Supramaximal square wave pulses (0.2ms duration, 100Hz) were delivered to the 

muscles to produce maximum isometric tetanic contractions. Callipers then measured the 

muscle to determine the muscles optimal length. 

 

Next, a force-frequency analysis was performed whereby muscles were stimulated at 

increasingly higher frequencies and the resulting forces were recorded. Muscles were 

stimulated at 10, 20, 30, 40, 50, 60, 80, 100, 120, 150 and 180 Hz for a duration of 350ms for 

the EDL and 500ms for the SOL, with a 3 min rest between pulses to prevent fatigue. Absolute 

peak tetanic force was recorded as the highest force obtained in the force-frequency protocol.  

 

Muscle fatigability was also determined by subjecting muscles to repeated intermittent 

electrical stimuli for 3 min, resulting in a time-dependent reduction in force production. The 

EDL was stimulated every 4s at 100 Hz for 350 ms and the SOL every 2s at 80 Hz for 500 ms 

to factor in muscle fibre type differences, such as differences in near maximal force production, 
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and gain comparable levels of fatigue. Stimulated forces were averaged over 20s intervals for 

the EDL, and 30s intervals for the SOL. 

The cross-sectional area (CSA) for the EDL was determined with both optimal length and 

absolute muscle mass. This was done using the equation by Brooks and Faulkner (139), while 

also assuming muscle density to be 1.06 g/cm3 (140). Specific force was then calculated with 

the formula (absolute force/1000)/CSA, with CSA calculated as muscle mass in 

grams/(optimal length in cm x 0.44 x 1.06) for the EDL, and muscle mass in grams/(optimal 

length in cm x 0.71 x 1.06) for the SOL. 

5.4 Histology – Haematoxylin and Eosin (H and E) Stain 

 

Muscles were submerged in Optimal Cutting Temperature (OCT) compound and frozen in 

isopentane pre-cooled in liquid nitrogen immediately after harvesting. Once frozen, mid-belly 

14µm cross-sections of the EDL and SOL were cut on a cryostat at -20°C and mounted onto 

glass slides. Muscle sections were then fixed in formal calcium fixative (40% Formaldehyde; 

Calcium chloride; diH2O) and incubated at room temperature for 10 min. Muscles were then 

stained in Harris’ haematoxylin (Haematoxylin; Absolute alcohol; Ammonium; Mercuric oxide; 

Glacial acetic acid; diH2O) for 5 minutes and then washed under tap water. Excess stain was 

be removed through adding 1% acid alcohol and then washed with tap water. Samples were 

then counterstained with 1% eosin Y for 3 minutes and then washed again with tap water. 

Samples were then dehydrated with graded alcohols, cleared in xylene and mounted with 

synthetic resin and covered with a glass slip. Nail polish was used to seal the edges of the 

plates together to prevent slippage and dehydration. 

5.5 Western Blotting 

 

Western blotting was used to determine differences/changes in the abundance of specific 

muscle proteins that were hypothesised to be differentially expressed in WT vs mdx muscle 

or to be altered through spermidine supplementation, such as; LC3B-I and LC3B-II, p62, total 

and phosphorylated AMPK (Thr172), MAP1S, Odc1, Amd1, SpdSyn, SpmSyn, Smox, Sat1 
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total and phosphorylated p70S6K1 (Thr387) and total and phosphorylated 4EBP1 (Thr37/46) 

(Table 1). 

Table 1. Western blotting antibodies and dilutions 

Antibody Catalogue Number Host Species Dilution 

LC3B CST #2775 Rabbit 1:1000 in 1% BSA 

SQSTM1/p62 CST #5114 Rabbit 1:1000 in 1% BSA 

p-AMPK CST #2535 Rabbit 1:1000 in 1% BSA 

AMPK CST #2603 Rabbit 1:1000 in 1% BSA 

MAP1S Precision Plus 
#AG10006 

Mouse 1:3000 in 1% BSA 

Odc1 Proteintech 17003-1-
AP 

Rabbit 1:1000 in 1% BSA 

Amd1 sc-166970 SantaCruz Mouse 1:250 in 1% BSA 

SpdSyn Proteintech #19858-1-
AP 

Rabbit 1:1000 in 5% Milk 

SpmSyn ab151547 [EPR9253] Rabbit 1:1000 in 1% BSA 

Smox Proteintech #15052-1-
AP  

Rabbit 1:1000 in 1% BSA 

Sat1 #61586 CST Rabbit 1:1000 in 1% BSA 

c-Myc ab32072 [Y69] Rabbit 1:1000 in 1% BSA 

p-p70s6k1 CST #9234 Rabbit 1:1000 in 1% BSA 

p70s6k1 CST #2708 Rabbit 1:1000 in 1% BSA 

p-4EBP1 CST #2855 Rabbit 1:1000 in 1% BSA 

4EBP1 CST #9452 Rabbit 1:1000 in 1% BSA 

Rabbit Secondary Vector Anti-Rabbit IgG 
(H+L) - Vector Labs 

VEPI-1000 

Rabbit 1:5,000 in 5% Milk 

Mouse Secondary Peroxidase Labelled 
Anti-Mouse IgG (H+L) 
- Vector Labs PI-2000 

Mouse 1:25,000 in 5% Milk 

 

Sodium Dodecyl Sulphate (SDS)-Polyacrylamide gels were poured and set between 1.5mm 

glass plates. Equal amounts of muscle protein were added to SDS sample buffer containing 

dithiothreitol (DTT) and heated at 95°C for 5 min before being loaded onto the gel. The gels 

were then submerged in running buffer (30g Tris-base; 144g Glycine; 10g SDS; diH2O) and 

ran at 115V for 1 h 30 min. Muscles were homogenised in buffer listed in Table 2. 
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Table 2. Homogenisation buffer composition 

 

After protein separation, the proteins were wet transferred from the gel onto a 0.45μm 

Polyvinylidene Fluoride (PVDF) membrane in transfer buffer (50g Tris-base; 130g Glycine; 

20% Methanol; diH2O) at 300mA for 1h-1.5h, followed by a 1 h blocking in 5% skim milk/Tris-

buffered saline tween 20 (TBST). Membranes were then washed in TBST, sealed in a plastic 

bag with the appropriate primary antibodies and incubated overnight. Membranes were then 

washed and probed with the appropriate secondary antibody. Membranes were then 

incubated for 1 minute with Thermo Scientific’s enhanced chemiluminescent reagent ECL and 

captured on a Fusion FX imaging system, Vilber Lourmat, Germany. The intensity of the band 

representing the protein of interest was quantified using Viber Lourmat Fusion Imaging 

Software. To confirm equal loading, membranes were then stained with Coomassie blue. To 

account for minor loading differences, the intensity of a protein of interest was normalised to 

the intensity of the entire lane (total protein) on the Coomassie stained membrane using 

ImageJ software version 1.8 64-bit.    

6. Statistical Analysis 
 

Prior to analysis, all data was checked for normality. Data is presented as means ± SEM, with 

all graphs showing the results for individual samples (black dots for males, white dots for 

female). Statistical significance was determined through a two-way ANOVA with a Tukey’s 

post hoc analysis (for the 4 groups from the 13-week treatment) or an unpaired, two-tailed t 

test (between PBS and colchicine groups for the autophagy flux). Differences between groups 

Concentration Compound Inhibitors 
40 mM Tris-Hydrochloride B-Glycerophosphate 

1 mM Ethylenediaminetetraacetic 
acid (EDTA) 

Sodium fluoride (NaF) 

5 mM Ethylene glycol tetra acetic 
acid (EGTA) 

Phenylmethylsulfonyl Fluoride 

(PMSF) 

0.5% Triton X-100 Leupeptin (LEU) 

7 pH Sodium Orthovanadate 
(Na3VO4) 

  Western immunoprecipitation 
kinase assay (WIK) Buffer 
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were deemed significant when p < 0.05 with statistical analysis performed on GraphPad Prism 

software v9. 

Results 

7. Genotypic differences in the expression of polyamine pathway proteins and 

the effect of 13 weeks of spermidine supplementation 

 

7.1 Fast-twitch EDL muscle 

 

The polyamine pathway enzymes Odc1, Amd1, SpdSyn, SpmSyn, Smox, and Sat1, as well 

as the protein synthesis enzyme c-Myc, were probed for and the results are shown in Fig 8. 

Interestingly, there was an upregulation of Amd1 (Fig. 8B), SpdSyn (Fig. 8C) and c-Myc (Fig. 

8G) expression in the mdx EDL muscles, compared to the WT EDL muscles. Conversely, 

there were no genotypic differences observed for Odc1 (Fig. 8A), SpmSyn (Fig. 8D), Smox 

(Fig. 8E) and Sat1 (Fig. 8F). Spermidine supplementation did not alter the expression of any 

of these proteins compared to non-supplemented controls in WT or mdx EDL muscles. 
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difference between groups. Black dots are male, white dots are female. p < 0.05. Two-way ANOVA with Tukey’s 
post-test.     

 

7.2 Slow-twitch SOL muscle  

 

Similar to the EDL, there was increased expression of Amd1 (Fig. 9B), SpdSyn (Fig 9C) and 

c-Myc (Fig 9G) in the mdx SOL muscles compared to the WT SOL muscles. Interestingly, 

however, there was a downregulation of Sat1 (Fig. 9F) within the mdx SOL muscles compared 

to WT SOL muscles. There were no genotypic differences in the expression of Odc1 (Fig. 9A), 

SpmSyn (Fig. 9D) and Smox (Fig. 9E). As with the EDL muscles, spermidine supplementation 

did not alter the expression of any of the examined proteins compared to non-supplemented 

controls. 
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Figure 10. The effect of spermidine supplementation on absolute body weights. The 3-week-old mice were 
treated with either 3mM spermidine or control drinking water were weighted at the initiation of their treatment, 
and weekly throughout treatment until cull date at 16 weeks of age. Groups were compared to each other each 
week for the 13-week period: A) WT absolute body weight (g), B) MDX absolute body weight (g), C) Absolute 
body weight (g). There were no genomic or spermidine supplemented effects observed between all groups per 
week. Data is presented as means ± SEM (n=16 WT WTR, n=22 WT SPD, n=23 mdx WTR, n=24 mdx SPD). p < 
0.05. Two-way ANOVA on each week with Tukey’s post-test. 

 

For the weekly relative change in body mass (i.e. body mass expressed as a percentage of 

body mass from the previous week; Fig 11), consistent with the absolute body weight data 

(Fig. 10C), there was no effect of spermidine supplementation on the rate of growth for WT 

(Fig. 11A) and mdx (Fig 11.B) mice. Conversely, however, there was a genotypic difference 

in growth rate change between 4-6 weeks for the mdx mice compared to WT mice (Fig. 11C). 

More specifically, mdx mice had a smaller increase in body mass between 3 and 4 weeks 

(consistent with the level of muscle damage around this time), but then had a larger increase 

in body mass between weeks 4 and 5, and between weeks 5 and 6 (Fig. 11C). 
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related proteins, such as MAP1S, AMPK, p70s6k1, 4EBP1, p62 and LC3B-II/LC3B-I within the 

mdx mouse skeletal muscle. 

 

10.1 Fast-twitch EDL muscle 

 

MAP1S interacts with LC3B-I and LC3B-II, promoting autophagosome formation and 

subsequent completion of autophagy (134). Specifically, spermidine ingestion has shown to 

increase autophagy in the liver of wild type mice, through the dependant increase in MAP1S 

expression (135). Furthermore, spermidine-induced autophagy upregulation was dependant 

of MAP1S expression, highlighting its importance within the autophagy pathway (135). Total 

MAP1S is expressed in both full length (120kDa) and heavy chain (100kDa) bands, with the 

total intensity of both quantified together for analysis (141).  

As shown in Fig. 27, there was a genotypic difference in MAP1S expression, with MAP1S 

being higher in EDL muscles from mdx mice compared to the EDL muscles of WT controls. 

Promisingly, spermidine supplementation further increased MAP1S expression in mdx EDL 

muscles when compared to mdx EDL controls (Fig. 27), suggesting that the supplemented 

spermidine was biologically active in mdx skeletal muscle and potentially indicating an 

increased rate of autophagy.  
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mTORC1 results in an increased rate of autophagy through ULK1, and subsequent decrease 

in cap dependant translation expressed in decreased phosphorylation of p70s6k1 and 4EBP1 

(99, 100). As such, phosphorylation of p70s6k1 and 4EBP1 are commonly used markers of 

mTORC1 activation. 

As shown in Fig. 29, there was a genotype difference observed for p-p70s6k1 (Fig. 29A), total 

p70s6k1 (Fig. 29B) and p-p70s6k1/total p70s6k1 ratio (Fig. 29C), with mdx EDL muscles showing 

higher levels compared to WT EDL groups. Spermidine supplementation, however, had no 

effect on p-p70s6k1 (Fig. 29A), total p-70s6k1 (Fig. 29B) and p-p70s6k1/total p70s6k1 ratio (Fig. 29C) 

expression in WT and mdx muscles, indicating that spermidine supplementation had no impact 

on mTORC1 activity at this time point. 
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Unlike in the EDL muscles (Fig. 28A), there were no genotypic differences observed between 

the mdx SOL muscles and WT SOL muscles in p-AMPK expression (Fig. 33A), nor was there 

an increase in p-AMPK with spermidine supplementation (Fig. 33A). This suggests that the 

effect of spermidine on AMPK phosphorylation may be muscle/fibre-type specific. 

Interestingly, despite no genotypic difference in total AMPK between the EDL muscle groups 

(Fig. 28B), a genotypic increase in total AMPK was observed within mdx SOL muscles 

compared to WT SOL muscles (Fig. 33B). Despite this, there were no significant effect of 

spermidine supplementation on total AMPK expression on mdx SOL muscles compared to 

non-supplemented controls. Moreover, there was no effect of spermidine supplementation on 

the p-AMPK/total AMPK ratio between both WT and mdx SOL muscle groups (Fig. 33C). 
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p70s6k1I/ p70s6k1 ratio showed no changes between groups both genotypically and with spermidine 
supplementation. D) Representative image. Data is presented as means ± SEM (n=6-8 WT samples per group, 
n=8-11 mdx samples per group). # indicates significant genomic difference between groups. Black dots are male, 
white dots are female. p < 0.05. Two-way ANOVA with Tukey’s post-test. 

 

Similarly to findings within the EDL (Fig. 30A), p-4EBP1 levels were genotypically different, 

with mdx SOL muscles showing increased levels compared to WT SOL muscles (Fig. 35A). 

Furthermore, as also shown in within the EDL muscles (Fig. 30B), total 4EBP1 levels were 

increased in the mdx SOL muscles compared to the WT SOL muscle groups (Fig. 35B). 

Interestingly, despite a spermidine supplementation effect on both p-4EBP1 (Fig. 30A) and 

total 4EBP1 (Fig. 30B) within the mdx EDL muscles, there were no spermidine 

supplementation effects observed on p-4EBP1 (Fig. 35A), and total 4EBP1 (Fig. 35B) 

expression between mdx SOL muscles and non-supplemented mdx SOL controls. Again, 

similar to EDL muscles (Fig. 30C), there were no genotypic or spermidine supplementation-

induced changes observed on the p-4EBP1/total 4EBP1 ratio in all SOL muscle groups (Fig. 

35C). 
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genomic upregulation is observed in mdx groups compared to WT, with no spermidine supplementation effects 
observed. D) representative image. Data is presented as means ± SEM (LC3B n=6-8 WT samples per group, n=9-
11 mdx samples per group) (p62 n=8 WT samples per group, n=12 mdx samples per group). # indicates significant 
genomic difference between groups. Black dots are male, white dots are female. p < 0.05. Two-way ANOVA with 
Tukey’s post-test. 

Overall, these data suggest that, despite the spermidine-induced increase in the autophagy-

related protein, MAP1S, spermidine appears to have not induced an activation of autophagy, 

as assessed by levels of LC3B and p62 at this time point. As this data was from a single static 

timepoint, observing LC3B and p62 levels in a model catered to observing the dynamic rate 

of autophagy would further support these findings.  

11. The effect of spermidine supplementation on the autophagy flux assay 

 

11.1 Fast-twitch EDL muscle 

 

As autophagy is a dynamic multi stepped process, looking at a static timepoint of its markers 

LC3B and p62 is not the most accurate depiction of this process. Because of this, an 

autophagy flux assay animal study was used to determine the overall rate of autophagy 

through these same LC3B and p62 markers. The administration of colchicine, inhibits the 

formation of autolysosomes, resulting in the build-up of autophagosomes (107). As there are 

no autolysosomes formed, there is no breakdown of the inner membrane of the 

autophagosome resulting in an increase in LC3B-II and p62 levels (107). Because of this, if 

the autophagy process is upregulated, there would be an increase in LC3B-II and p62 due to 

their breakdown being inhibited via the colchicine (107). This allows for a ‘dynamic/static’ 

measure of autophagy when probing these markers via Western blotting. 

The EDL’s that were harvested from mice that underwent the 7-day autophagy flux experiment 

were probed via Western blotting for the autophagy marker p62 (Fig. 37). Importantly, 

colchicine induced an accumulation of p62 in WT muscles compared to EDL muscles from 

PBS treated mice control muscles (Fig. 37), demonstrating that the injected colchicine was 

biologically active, inhibiting autophagosome lysosome fusion and/or autolysosome-mediated 

degradation (107). Although not significant, there was a relatively strong trend (p=0.0833) 
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& indicates significant colchicine difference between groups. p < 0.05. Unpaired, two-tailed t test and two-way 
ANOVA with Tukey’s post-test. 

 

Similar to p62, a colchicine effect was observed in WT EDL muscles, with colchicine inducing 

an increase in LC3B-I and LC3B-II compared to muscles from the PBS treated WT control 

mice (Fig. 38A), again confirming the biological activity of the colchicine in vivo. Unlike for p62, 

there was no trend for a colchicine effect on LC3B-I or LC3B-II accumulation in mdx EDL 

muscles compared to mdx PBS treated controls (Fig. 38A and 38B). Interestingly, unlike at 16 

weeks of age (Fig. 29A), there was a main genotype effect of LC3B-I expression, with mdx 

EDL muscles exhibiting higher levels compared to other WT EDL groups (Fig. 38A) but not for 

LC3B-II. Again, similar to p62, spermidine supplementation had no effect on EDL LC3B-I or 

LC3B-II levels in both mdx and WT colchicine treated groups (Fig. 38A and 38B). 

Given the larger relative colchicine-induced increase in LC3B-II compared to the increase in 

LC3B-I, there was a significant colchicine-induced increase in the LC3B-II/LC3B-I ratio in WT 

EDL muscles compared to the WT EDL PBS controls (Fig. 38C). Despite no changes in LC3B-

I (Fig. 38A) and LC3B-II (Fig. 38B) with colchicine in mdx EDL muscles, there was a strong 

trend (p=0.0781) for an increase in LC3B-II/LC3B-I ratio in mdx EDL muscles compared to 

PBS treated mdx muscles (Fig. 38C). These data suggest that mdx EDL muscles are relatively 

resistant to the effect of colchicine in inhibiting autophagy, possibly due to the already elevated 

levels of autophagy in mdx muscles in the basal state. Lastly, no spermidine supplementation 

effects were observed within all WT and mdx colchicine muscle groups within their LC3B-

II/LC3B-I ratio (Fig. 38C), suggesting that spermidine is unable to increase the in vivo rate of 

autophagy in EDL muscles from either WT or mdx mice. 
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Consistent with the SOL p62 data (Fig. 39), colchicine had no effect on LC3B-I levels in WT 

or mdx SOL muscles compared to the PBS controls (Fig. 40A). Furthermore, there were no 

genotypic or spermidine supplementation effects on LC3B-I expression between WT and mdx 

muscle groups (Fig. 40A). 

Interestingly, despite no difference in LC3B-I expression (Fig. 40A), a colchicine effect was 

observed with LC3B-II being increased by colchicine in WT SOL muscles compared to WT 

PBS controls (Fig. 40B), suggesting that WT SOL muscles are not completely unresponsive 

to the actions of colchicine. No colchicine effect was, however, detected for LC3B-II levels in 

mdx SOL muscles (Fig. 40B). Furthermore, there was no genotypic difference or effect of 

spermidine supplementation on LC3B-II levels in WT or mdx SOL muscles (Fig. 40B). 

Despite the colchicine-induced increase in LC3B-II in WT SOL muscles (Fig. 40B), this did not 

translate into a significant increase in the LC3B-II/LC3B-I ratio for WT or mdx SOL groups 

compared to their PBS controls (Fig. 40C). Furthermore, there was no genotypic difference or 

spermidine supplementation effect on the LC3B-II/LC3B-I ratio between all WT and mdx SOL 

groups (Fig. 40C). 
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Discussion 
 

This is the first study to determine genotypic differences in, and spermidine supplemented 

changes to, polyamine pathway enzyme expression in wild type and mdx skeletal muscle. 

Furthermore, this is the first study to investigate the potential therapeutic effect of spermidine 

supplementation on mdx skeletal muscle structure and function. Promisingly, spermidine 

supplementation led to improvements in mdx skeletal muscle, indicating that spermidine may 

indeed have a therapeutic impact on the mouse model of skeletal muscle dystrophy. 

12. Expression of polyamine pathway enzymes in wild type vs mdx skeletal 

muscle 
 

This is the first study to have compared the expression of polyamine pathway proteins in fast-

twitch (EDL) and slow-twitch (SOL) muscles from WT and dystrophic mdx mice. Furthermore, 

no studies have examined whether spermidine supplementation has an impact on the 

polyamine pathway enzymes in either WT or mdx muscle. To this end, 3-week-old mice were 

supplemented with spermidine for 13 weeks (discussed in methods 5.1), after which EDL and 

SOL muscles were analysed via Western blotting for differences in the levels of polyamine 

enzyme protein expression.  

In the EDL and SOL muscles (Fig. 8 and 9), there was an upregulation of Amd1 (Fig. 8B and 

9B) and SpdSyn (Fig. 8C and 9C) in the mdx samples compared to the WT muscles, 

suggesting the potential for increased polyamine production and, in particular, spermidine, in 

mdx muscle. This result is consistent with data showing that DMD boys have increased muscle 

spermidine content in the vastus lateralis compared to healthy boys (142). Furthermore, 

spermidine content has been shown to be 2-3 times higher in mdx mouse gastrocnemius 

muscles compared to WT muscle (143). This data prompts the question as to why Amd1, 

SpdSyn and spermidine are elevated within the mdx genotype, and are these beneficial 

adaptations in the context of DMD. 
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Interestingly, Amd1 and SpdSyn were recently reported to be upregulated in WT muscles 

subjected to chronic mechanical overload, a model that induces muscle hypertrophy that is 

associated with elevated mTORC1 activation (130). Moreover, the overload-induced increase 

in these proteins was inhibited by the mTORC1 inhibitor, rapamycin, suggesting that mTORC1 

may directly, or indirectly, play a role in the regulation of Amd1 and SpdSyn expression (130). 

In this current study, and in agreement with previous studies (89, 144), two key markers of 

mTORC1 signalling (p-p70s6k1 and p-4EBP1) were also found to be elevated in mdx EDL (Fig. 

29A and 30A) and SOL (Fig. 34A and 35A) muscles, suggesting that AMD1 and SpdSyn 

expression may also be regulated by mTORC1 in dystrophic skeletal muscle. To more 

definitively confirm this hypothesis, future studies should treat mdx mice with an mTORC1 

inhibitor, such as rapamycin, to determine whether Amd1 and SpdSyn expression is reduced. 

Regarding how mTORC1 might regulate the level of Amd1 and SpdSyn proteins, mTORC1 

has been shown to directly phosphorylate Amd1, resulting in decreased levels of proteasome-

mediated Amd1 degradation in prostate cancer cells (125). Furthermore, SpdSyn mRNA has 

the potential to form secondary structures, due to its high G-C content in its 5’-untranslated 

region (5’-UTR), resulting in impaired translation initiation (145, 146). As such, when mTORC1 

activity is increased, stimulating an increase in cap-dependant translation which involves the 

recruitment of the RNA helicase, eIF-4A, to assist in unwinding mRNA secondary structures, 

SpdSyn mRNA will be translated with increased efficiency, promoting increased SpdSyn 

protein synthesis (147). Lastly, mTORC1 activation has been shown to increase the 

expression of the transcription factor c-Myc (148), with previous studies showing c-Myc’s 

ability to upregulate the transcription of both Amd1 and SpdSyn (128, 129). Strengthening this 

hypothesis, in the current study, c-Myc expression was found to be elevated in mdx EDL (Fig. 

29G and 30G) and SOL (Fig. 34G and 35G) muscles. 

As to whether there is any benefit to having increased polyamine levels in mdx muscle, current 

evidence suggests that spermidine may play an essential role in protein synthesis and cell 

growth. Specifically, spermidine is the precursor molecule for the production of hypusine, 
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which is used for the unique post-translational modification of eukaryotic translation initiation 

factor 5a (eIF5a), referred to as hypusination (149). Importantly, the inhibition of eIF5A 

hypusination in cultured muscle cells has been shown to inhibit protein synthesis rates, 

demonstrating that spermidine has an indirect impact on protein synthesis (150). This is 

important because rates of protein synthesis are known to be elevated in mdx skeletal muscle 

(50, 151), presumably due to increased rates of protein turnover with the cycles of damage 

and regeneration. As such, the increased expression of SpdSyn and elevated spermidine 

content in DMD muscles would assist in enabling increased rates of protein turnover. 

Intriguingly, the expression of polyamine enzyme, Sat1, was decreased in mdx SOL samples 

compared to the WT SOL muscles. Sat1 expression is regulated, in part, by polyamine levels 

(152). Specifically, when polyamine levels are elevated, Sat1 transcription and mRNA 

translation are increased (152). Conversely, decreased polyamine levels result in decreased 

Sat1 expression (152).  These data suggest the possibility that polyamine levels may be lower 

in the mdx SOL muscles compared to WT SOL muscles. This is unlikely, however, as the 

current study found increased Amd1 (Fig. 9B) and SpdSyn (Fig. 9C) expression levels in mdx 

SOL muscles, suggesting that polyamine levels would be increased. Another potential option 

is that Sat1 expression is dysregulated and/or independent of polyamine levels in mdx SOL 

muscles. As such, a decrease in Sat1 expression could lead to an accumulation of polyamines 

due to decreased polyamine removal of spermidine and spermine. To further explore these 

possibilities, future studies would need to quantify polyamine levels within mdx SOL muscles. 

Interestingly, spermidine supplementation had no effect on the expression of any of the 

polyamine pathway enzymes in either WT or mdx EDL (Fig. 8) and SOL (Fig. 9) muscles. 

These data could indicate that polyamine enzyme expression was not responsive to changes 

in spermidine levels. This seems unlikely, however, as Sat1 expression is known to be 

regulated by polyamine levels (152), and Amd1 expression is known to be negatively regulated 

by spermine (derived from its precursor spermidine) (153).  
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Another possibility is that the supplemented spermidine was rapidly metabolized/removed 

prior to impacting the expression of polyamine pathway enzymes, or it was unable to be 

transported into the muscles. Indeed, this current study provides no evidence that spermidine 

supplementation had any impact on WT skeletal muscles. Nonetheless, spermidine 

supplementation did result in changes to mdx skeletal muscle function, health, and both 

MAP1S and 4EBP1 expression, suggesting that the supplemented spermidine was able to at 

least impact mdx muscle. Potentially mdx skeletal muscle have greater levels of polyamine 

transporters to allow for increased uptake of exogenous spermidine compared to WT skeletal 

muscle. Clearly, further studies are required to investigate these possibilities more thoroughly.  

Overall, these results show the novel findings that Amd1 and SpdSyn levels are upregulated 

in EDL and SOL mdx muscles compared to EDL and SOL WT muscles, likely due to elevated 

mTORC1 signalling. This study also showed a muscle/fibre-type specific difference with Sat1 

being downregulated in mdx SOL, but not mdx EDL muscles. Future studies are required to 

correlate differences in polyamine enzymes with polyamine content in both WT and mdx 

muscle. Lastly, future studies are required to investigate whether exogenous spermidine is 

able to be taken up by WT and mdx muscles, and whether the differences in polyamine 

enzyme expression in mdx muscles is a beneficial adaptation or if they could play a role in the 

DMD pathology. 

13. The effect of spermidine supplementation on body weight, muscle force 

output and fatigue 

 

The activation of autophagy in mdx skeletal muscle, via the rapamycin-induced inhibition of 

mTORC1, has been shown to improve mdx muscle health and force production (95). Recently, 

supplementation with 3mM spermidine in drinking water was shown to activate autophagy and 

improve muscle health in a collagen VI-null myopathy mouse model (138). This study 

concluded that: “The beneficial effects of spermidine, together with it being easy to administer 

and the lack of overt side effects, open the field for the design of novel nutraceutical strategies 

for the treatment of muscle diseases characterized by autophagy impairment” (138). Given 
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the strong evidence that autophagy is impaired in DMD muscle (89), a major aim of this thesis 

was to examine whether spermidine supplementation could improve overall muscle health and 

function of mdx mouse muscles. To achieve this, 3-week-old mice were supplemented with 

spermidine (3mM) for 13 weeks (discussed in methods 5.1) and weighed each week until the 

end point when EDL and SOL muscles were dissected, weighted and subjected to ex vivo 

muscle function studies.  

Spermidine supplemented and water control WT (Fig. 12A) and mdx muscles (Fig. 12B) 

showed no difference in level of water consumption within each week (Fig. 12C). This infers 

that all mice ingested similar amounts of water and supplemented mice consumed similar 

amounts of spermidine. As expected, from 3 to 6 weeks of age, body weight of mdx mice was 

shown to have an increased rate of body weight gain compared to WT mice (Fig. 11C). 

Spermidine supplementation had no effect on the rate of body weight gain of both mdx and 

WT mice, indicating no negative effect of spermidine intake on mdx phenotype (Fig. 11C).  

Regarding muscle mass, as expected, the EDL (Fig. 13) and SOL (Fig. 17) muscles were 

heavier than those from WT mice. DMD skeletal muscle exhibits ‘pseudohypertrophy’ resulting 

in increased skeletal muscle weight, despite an impairment in muscle function and health 

(154). Specifically, skeletal muscle enlargement occurs when mdx muscle is progressively 

infiltrated with adipose and fibrotic tissue during the extensive muscle regeneration required, 

resulting in unhealthy tissue that negatively impacts both skeletal muscle function and health 

(154). As such, a decrease to muscle mass is commonly associated with improvement of the 

DMD phenotype (154). 

Importantly, while spermidine supplementation had no effect on normalised muscle mass in 

WT muscle, it did result in a lowering of mdx EDL normalised muscle mass (Fig. 13B) and a 

strong trend (p=0.057) to reduce mdx SOL normalised muscle mass (Fig. 17B). These findings 

suggest that spermidine supplementation may have reduced the pseudohypertrophy of mdx 

skeletal muscle, which is indicative of an improved muscle health. One potential reason for 

this spermidine-induced decrease in mdx skeletal muscle mass is reduced muscle damage, 
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resulting in reduced requirement for muscle regeneration. Another potential reason could be 

a decrease in the level of oedema/water content within mdx skeletal muscle. The exact 

mechanisms, however, remain to be determined and would need to be addressed in future 

studies. 

Consistent with the hypothesis that spermidine may have improved the phenotype of mdx 

muscles, spermidine supplementation led to an increase in tetanic specific force production in 

the mdx EDL muscles (Fig. 15B), although there was no effect on mdx SOL muscles (Fig. 

19B). An obvious reason for improved function would be increased autophagy, thus reducing 

the accumulation of damaged components in the cell. However, as will be discussed in Section 

15 and 16, while there was potential for increased initiation of autophagy, it did not appear that 

autophagy completion was altered by spermidine supplementation. 

One potential reason for spermidine improving mdx EDL tetanic specific force is through the 

decrease of oxidative stress within the muscle. Although the exact mechanism remains to be 

determined, recent studies have shown that spermidine may have antioxidant effects, with 

spermidine decreasing ROS levels in both zebrafish (155) and transgenic plants (156). With 

levels of ROS production being elevated in both the mdx mouse model (64, 65), and human 

DMD muscle (66), spermidine supplementation may have decreased levels of oxidative 

stress, potentially improving muscle contractile function (61). The reason improvements may 

have been seen in the mdx EDL and not SOL muscles is that the fast-twitch fibres are more 

preferentially affected in dystrophic muscle, likely leading to more oxidative stress (157). 

Another potential reason for spermidine to positively impact mdx EDL muscle force production 

is through improved calcium homeostasis and sarcolemmal stability. Data gathered from the 

mdx mouse has shown that damage/increased permeability of the dystrophin deficient 

sarcolemma results in abnormally elevated levels of resting intracellular calcium (53, 72-75). 

Furthermore, impaired calcium homeostasis can activate calpain proteases which result in 

breakdown of cytoplasmic, nuclear and membrane proteins, promoting chronic inflammation 

and cellular apoptosis within the muscle (78-80). As this increase in intracellular calcium is 
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decreased by the antioxidants, N-acetylcysteine (NAC) (76, 77) and melatonin (158), there is 

the potential for spermidine’s antioxidant effect to positively impact intracellular calcium levels 

and sarcolemmal stability within mdx skeletal muscle. The exact mechanisms for this effect 

on tetanic specific force improvement in fast-twitch muscle would need to be addressed in 

future studies. 

Lastly, spermidine supplementation had no effect on resistance to fatigue in either EDL (Fig. 

16) or SOL (Fig. 20) muscles from both WT and mdx mice during prolonged, repeated, intense 

ex vivo stimulation. These results suggest that despite the improvement in specific force 

production of the EDL (Fig. 15B), spermidine supplementation is unlikely to have had an effect 

on energy metabolism, muscle membrane excitability or sarcoplasmic reticulum function 

during the repeated contraction.    

In summary, this data shows that spermidine supplementation had a positive impact on 

dystrophic mdx skeletal muscle by reducing the mass of both fast (Fig. 13) and slow-twitch 

(Fig. 17) muscles, despite no apparent difference in body weight (Fig. 11). Furthermore, 

spermidine supplementation improved muscle force production in a muscle/fibre-type 

dependant mechanism, with the fast-twitch EDL (Fig. 15B), but not the slow-twitch SOL (Fig. 

19B), muscle having an improved specific tetanic force production. Lastly, despite improving 

tetanic force production, spermidine supplementation had no impact on fatigue resistance in 

EDL (Fig. 16) or SOL (Fig. 20) muscles from either WT or mdx mice. 

14. The effect of spermidine supplementation on muscle morphology 

 

The DMD pathology is characterised by muscle fibres that are constantly undergoing repeated 

cycles of damage/repair, even in response to very mild contractions, resulting in chronic 

muscle inflammation (59, 82). The extent of damage and regeneration is typically assessed 

as the number of muscle fibres with centrally localised nuclei (in healthy muscle fibres, the 

myonuclei are located on the fibre periphery), with the presence of focal areas of overt 

damage/necrosis and infiltration of inflammatory cells (159). As such, if spermidine 
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supplementation had a beneficial effect on DMD pathology, we would expect to find a 

reduction in the number of muscle fibres with centralised nuclei, and a reduction in the relative 

area of ‘unhealthy’ tissue. Thus, a H&E stain was used to determine any changes in muscle 

fibre morphology in response to spermidine supplementation. 

As expected, mdx EDL and SOL muscles had a markedly lower proportion of healthy muscle 

fibres (i.e. a higher number of muscles fibres with centrally localised myonuclei) compared to 

WT EDL and SOL muscles (Fig. 21 and 25). Furthermore, spermidine supplementation 

resulted in a significant increase in the proportion of healthy fibres in mdx EDL muscles (Fig. 

21) but not in the mdx SOL muscles (Fig. 21), which is consistent with the improved specific 

force output observed in the EDL only (Fig. 15B). When the relative area of unhealthy tissue 

(i.e. overt regions of damage/necrosis and infiltration of inflammatory cells) was analysed, mdx 

EDL and SOL muscles (Fig. 22 and 26) had a higher proportion than in WT muscles. While, 

similar to the healthy tissue analysis, spermidine reduced the area of unhealthy tissue in the 

EDL (Fig. 22) muscles from mdx mice, but not SOL muscles (Fig. 26). These novel findings 

again suggest a muscle/fibre type-dependent action of spermidine on mdx muscles and are 

consistent with the spermidine-induced improvement on EDL normalised muscles mass (Fig. 

13B) and specific force production (Fig. 15B). 

This data suggests that spermidine supplementation may improve muscle health of fast-twitch 

DMD muscles, potentially due to fast-twitch fibres being predominantly affected in the DMD 

pathology compared to slow-twitch fibres (157). Furthermore, this data could indicate 

decreased levels of muscle inflammation and requirement for regeneration, potentially through 

the decrease in cytokine levels decreasing muscle oxidative stress. For example, the 

antioxidant NAC has shown to suppress mRNA expression of proinflammatory cytokines 

(160), with decreased cytokine expression also reducing rates of muscle chronic inflammation 

(84). As spermidine has previously shown antioxidant properties (155, 156), there is the 

potential for spermidine to be decreasing levels of chronic inflammation through the 

suppression of proinflammatory cytokines. Additionally, the expression of the regulator of 
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fibrosis TGF-β (161), has been shown to be sensitive to polyamine levels, with decreased 

levels of polyamines increasing TGF-β expression and promoting fibrosis (162). Therefore, 

spermidine supplementation could potentially decrease TGF-β expression, reducing levels of 

fibrosis in mdx EDL muscle (Fig. 22). Future studies are required to investigate spermidine’s 

effect on immune cell infiltration, inflammatory cytokine levels and TGF-β expression in mdx 

skeletal muscle.  

Lastly, we analysed whether spermidine had an effect on muscle fibre size in WT and mdx 

muscles. As mdx muscles undergo pseudohypertrophy (154) and chronic inflammation (81-

83), it can be expected that mdx muscle fibres would be larger in cross-sectional area (CSA) 

when compared to muscle fibres from WT muscles. Indeed, this analysis found that mdx EDL 

(Fig. 23A) and SOL (Fig. 26A) muscle fibres were, on average, significantly larger than those 

from WT muscles. Interestingly, despite the improvement to levels of healthy muscle fibres 

(Fig. 21) and unhealthy muscle tissue (Fig. 22), spermidine supplementation had no effect on 

average fibre size (Fig. 23 and 26). This indicates that despite the spermidine-induced 

improvements to amount of healthy muscle fibres (Fig. 21) and unhealthy muscle tissue (Fig. 

22) in mdx EDL muscles, it has no impact on muscle fibre size. This suggests that spermidine 

may have reduced the amount of non-muscle fibre cells/tissue within the whole mdx EDL 

muscle that contributes to pseudo hypertrophy (i.e. fibrotic and adipose tissue infiltration, 

chronic inflammation and oedema), thus reducing overall muscle mass and unhealthy areas, 

without impacting individual muscle fibre size. Further studies are now required to determine 

spermidine’s therapeutic effect on fibrosis/fatty tissue, and the muscle/fibre type specific effect 

on mdx skeletal muscle. 

In summary, this data shows that spermidine supplementation had an impact on dystrophic 

mdx EDL muscles by improving the number of heathy muscle fibres (Fig. 21) and decreasing 

unhealthy muscle tissue (Fig. 22). Furthermore, despite these morphological improvements, 

spermidine supplementation had no effect on muscle fibre size (Fig. 23A and 26A). Lastly, 

despite spermidine-induced improvements on mdx EDL morphology, no changes were 
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observed on mdx SOL muscles (Fig. 24 and 25), indicating a potential muscle/fibre-type 

specificity with spermidine treatment. 

15. The effect of spermidine supplementation on key autophagy-related proteins 

and autophagy-regulating signalling pathways 

 

3mM spermidine supplementation has been shown to upregulate autophagy in a collagen VI-

null myopathy model of skeletal muscle dysfunction, indicated by an increase in the LC3B-

II/LC3B-I ratio (138). As such we investigated whether the spermidine-induced improvements 

to mdx EDL muscle mass (Fig. 13B), tetanic force production (Fig. 15B) and tissue health (Fig. 

22) might be associated with markers of increased autophagy. Spermidine has also been 

proposed to regulate the signalling of two key enzyme pathways that, in turn, regulate 

autophagy i.e. AMPK (99, 132, 133) and mTORC1 (121, 130). Furthermore, it has recently 

been shown that spermidine upregulates the expression of the autophagy-related protein, 

microtubule-associated protein 1S (MAP1S) (135, 136). To date, however, no study has 

investigated whether spermidine supplementation can impact these key proteins in WT or mdx 

skeletal muscle. Thus, 3-week-old WT and mdx mice were supplemented with 3mM 

spermidine for 13 weeks (discussed in methods 5.1), with the EDL and SOL muscles from 

these mice being analysed via Western blotting for changes in markers of autophagy, AMPK 

activation, mTORC1 signalling and MAP1S abundance. 

This is the first study to compare MAP1S protein abundance between WT and mdx muscle, 

and whether spermidine can increase MAP1S expression. The results of this study found that 

MAP1S levels were upregulated in mdx EDL (Fig. 27) and SOL (Fig. 32) muscles compared 

to WT muscles. As MAP1S expression has been shown to be upregulated by spermidine (135, 

136), this finding could be related to the previously reported higher levels of spermidine in mdx 

muscle (142, 143). Moreover, this genotypic difference in MAP1S protein abundance may help 

support the reported increased rate of autophagy initiation in mdx muscle (89), as MAP1S 

promotes autophagosome formation and degradation through its interaction with LC3B-I and 



87 
 

LC3B-II (134). Interestingly, spermidine supplementation induced a further upregulation of 

MAP1S expression in mdx EDL muscles (Fig. 27), with a trend (p=0.0844) for it to be increased 

by spermidine in mdx SOL muscles (Fig. 32). This finding is in agreement with the two previous 

non-muscle studies showing that spermidine upregulates MAP1S expression in models of liver 

fibrosis (135, 136). Importantly, spermidine was also shown to increase autophagy through a 

MAP1S-dependant mechanism (135). These data suggest that spermidine supplementation 

has the potential to have some impact on the regulation of autophagy in mdx skeletal muscle. 

The enzyme, AMPK, is a known regulator of autophagy via its ability to inhibit mTORC1, and 

correspondingly increase ULK1 activity (132). Furthermore, activation of AMPK in the mdx 

diaphragm, via treatment of the AMPK stimulant AICAR, showed increased levels of 

autophagy activation, providing some evidence that activation of AMPK could be beneficial for 

mdx muscle (163). Importantly, a recent study found that spermidine may increase 

phosphorylated AMPK in ageing rat gastrocnemius (133). Thus, a marker of AMPK activation, 

AMPK Thr172 phosphorylation (p-AMPK), was examined in the supplemented mdx muscles 

and compared to non-supplemented muscle. 

This analysis found that the abundance of p-AMPK was lower in mdx EDL muscles compared 

to WT muscles (Fig. 28A), but not in mdx SOL muscles (Fig. 33A). However, when EDL p-

AMPK was normalised to total AMPK protein, this genotypic difference was lost (Fig. 29C). 

Nonetheless, this suggests that mdx EDL muscles have lower levels of the active form of 

AMPK (i.e. p-AMPK). This downregulation of p-AMPK in mdx EDL muscle potentially 

correlates with the reported elevation of mTORC1 activity in mdx skeletal muscle (89). Thus, 

lower p-AMPK in mdx EDL muscle may facilitate the inhibition of autophagy in mdx muscle. 

Encouragingly, spermidine supplementation resulted in an upregulation of p-AMPK in mdx 

EDL muscles (Fig. 28A) compared to dystrophic controls, with no effect on p-AMPK in mdx 

SOL muscles (Fig. 33A). This data could suggest that the positive changes induced by 

spermidine on EDL muscle structure and function may, in part, be contributed to increased 

active p-AMPK, leading to downregulated mTORC1 signalling and activation of autophagy. 
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Moreover, this data further reinforces the hypothesis that the positive effect of spermidine is 

specific to fast-twitch muscles/fibres. 

Another major regulator of autophagy is mTORC1 via its ability to inhibit the induction and 

elongation steps of autophagosome formation (99). As such, two common downstream targets 

of mTORC1, p70S6K1 Thr389 (p-p70S6K1) and 4EBP1 Thr37/46 (p-4EBP1) phosphorylation, 

were probed as markers of mTORC1 activity. When p70S6K1 and 4EBP1 are phosphorylated, 

cap dependant translation is enhanced, resulting in upregulated rates of protein synthesis 

(100). In agreement with a previous study (89), there were higher levels of p-p70S6K1 (Fig. 

29A), total p70S6K1 (Fig. 29AB) and the p-p70S6K1/total p70S6K1 ratio (Fig. 29C) in mdx EDL 

muscles compared to WT EDL muscle, while p-p70S6K1 (Fig. 34A) and total p70S6K1 (Fig. 34B) 

were also elevated in mdx SOL muscles; however, spermidine supplementation had no effect 

on any of these in EDL (Fig. 29) or SOL (Fig. 34) muscles from WT or mdx mice. 

Similar to p70S6K1, p-4EBP1 and total 4EBP1 were significantly higher in mdx EDL (Fig. 30A 

and 30B) and SOL (Fig. 35A and 35B) groups compared to WT muscles; however, there were 

no difference in the p-4EBP1/total 4EBP1 ratio between the two strains (Fig. 30C and 35C). 

Regardless, an increase in the amount of p-4EBP1 should still facilitate elevated rates of cap-

dependant translation, which is consistent with previous reports of elevated rates of protein 

synthesis in mdx muscle (50, 151, 164). Unexpectedly, spermidine supplementation induced 

an upregulation of both p-4EBP1 (Fig. 30A) and total 4EBP1 (Fig. 30B) in mdx EDL, but not 

in the mdx SOL muscle (Fig. 35A and 35B) compared to non-supplemented mdx controls, 

again suggesting a muscle/fibre type-specific effect of spermidine in mdx muscle.  

Given that there was no corresponding spermidine-induced activation of p70S6k1 

phosphorylation, it seems unlikely that spermidine would increase mTORC1 signalling to 

4EBP1 alone. One possibility is that 4EBP1 was phosphorylated via a mTOR-independent 

pathway. Indeed, one study that used the different mTORC1 inhibitors (i.e. rapamycin, 

BEZ235, PP242 and WYE354) on the SW620 cancer cell line over a 6-hour time course found 

that all four mTORC1 inhibitors reduced p-p70S6K1 for the entire time course, while p-4EBP1 
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was only momentarily inhibited, with p-4EBP1 levels re-emerging to initial levels of 

phosphorylation throughout the remainder of the time course despite continued mTORC1 

inhibition (165). Similar results were obtained using siRNA-mediated knockdown of mTORC1 

(165). Although not in skeletal muscle, this study suggests the potential for 4EBP1 to be 

phosphorylated via an mTORC1-independent pathway during mTORC1 inhibition. 

Another possible explanation for the spermidine-induced increase in p-4EBP1 and total 

4EBP1 is that somehow spermidine activated the expression of the 4EBP1 gene leading to 

increased 4EBP1 protein, with the basal activity of mTORC1 continuing to phosphorylate this 

extra 4EBP1, resulting in no change to the p-4EBP1/total 4EBP1 ratio. Thus, in this scenario, 

the elevated p-4EBP1 is simply due to an increase in total 4EBP1 and not to an increase in 

mTORC1 signalling per se. Clearly, further studies are required to determine the cause of this 

spermidine-induced increase in p-4EBP1 and total 4EBP1, and whether this change convers 

some benefit to mdx EDL muscle function and/or structure. 

The findings that spermidine supplementation increased autophagy-related markers, MAP1S 

(Fig. 27) and p-AMPK (Fig. 28A) in EDL muscles from mdx mice, without an apparent change 

in mTORC1 signalling, suggests that spermidine has the potential to activate autophagy within 

mdx EDL muscles. To assess this hypothesis more directly, levels of LC3B-I, LC3B-II, LC3B-

II/LC3B-I ratio and p62 were analysed. While p62 expression was found to be elevated in mdx 

EDL (Fig. 31E) and SOL (Fig. 36E) muscles compared to WT muscles, spermidine had no 

effect on p62 expression in either muscle. In regard to LC3B, in EDL muscles there was no 

effect of genotypic or spermidine supplementation on LC3B-I (Fig. 31A), LC3B-II (Fig. 31B) or 

the ratio of LC3B-II/LC3B-I (Fig. 31C). In the SOL muscles, there was a genotype effect for 

LC3B-I (Fig. 36A) to be higher, and the ratio of LC3B-II/LC3B-I to be lower (Fig. 36C), in mdx 

muscles compared to WT muscles possibly indicating lower rates of autophagy in mdx SOL 

muscles; however, spermidine had no effect on either of these measures. These data suggest 

that spermidine supplementation does not impact rates of autophagy within mdx muscle, 

despite increased levels of MAP1S (Fig. 27) and p-AMPK (Fig. 28A) within mdx EDL muscles.  
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Consistent with the finding of no genotypic differences in LC3B-II/LC3B-I ratio in both EDL and 

SOL muscles, a previous study has also observed that LC3B-II/LC3B-I ratio was no different 

between ad libitum fed 16-week-old mdx mice and WT tibialis anterior (TA) muscles (166). 

However, after fasting for 24 h, the LC3B-II/LC3B-I ratio increased in WT but not in the mdx 

TA muscles, suggesting that levels of LC3B within mdx skeletal muscle can remain consistent 

despite an intervention that can alter rate of LC3B-I lipidation to form LC3B-II (166). This could 

explain the lack of changes observed in LC3B, despite the genotypic and spermidine-induced 

increases in MAP1S abundance in mdx skeletal muscle (Fig. 27 and 32), and the spermidine-

induced increase in p-AMPK specifically in the mdx EDL (Fig. 28A). 

Another potential explanation for the lack of genotypic and spermidine-supplemented 

differences in autophagy markers, is that the analysis of LC3B and p62 levels are static 

measures, at a particular timepoint, of a dynamic process. Specifically, as autophagy is a 

multi-stepped dynamic process, quantifying markers at a static timepoint may not be a true 

depiction of the process. For example, the formation of LC3B-II and increased expression of 

p62 may be matched by the degradation of these proteins during the final steps in the 

autophagosome, leading to no change in the steady state levels of these proteins. As such, a 

measure of flux through the autophagy pathway (i.e. ‘autophagy flux’) may be a more 

appropriate approach for detecting an increase in autophagy. 

In summary, this data shows the novel finding of increase MAP1S protein abundance in both 

mdx EDL (Fig. 27) and SOL (Fig. 32) muscles compared to WT muscles, with spermidine 

supplementation further increasing MAP1S levels compared to non-supplemented mdx 

controls. Furthermore, AMPK phosphorylation was increased in spermidine supplemented 

mdx EDL muscles compared to non-supplemented mdx controls (Fig. 28A). Phosphorylated 

forms of p70s6k1 and 4EBP1 were upregulated genotypically in mdx EDL (Fig. 29 and 30) and 

SOL (Fig. 34 and 35) muscles, with spermidine supplementation further increasing the 

abundance of both p-4EBP1 (Fig. 30A) and total 4EBP1 (Fig. 30B) in mdx EDL muscles. 

Despite these, spermidine supplementation failed to induce changes in the static measures of 
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LC3B and p62 expression, suggesting no changes to rate of autophagy. A dynamic measure 

of LC3B and p62 with spermidine supplementation, however, is needed to confirm this 

conclusion. 

16. The effect of spermidine supplementation on autophagy flux in WT and mdx 

skeletal muscle 

 

In an attempt to obtain more ‘dynamic’ evidence of whether spermidine treatment was able to 

regulate autophagy in vivo, a colchicine-based autophagic flux assay was employed (107). 

The administration of colchicine leads to the inhibition of tubulin polymerisation and ultimately 

to the inhibition of autophagosome/lysosome fusion and the formation of autolysosomes (107). 

As a result, this leads to the build-up of autophagosomes (107). As there are no 

autolysosomes formed, there is no breakdown of the inner membrane of the autophagosome 

resulting in the accumulation of both LC3B-II and p62 (107). Because of this, if the autophagy 

process is upregulated by spermidine supplementation, there would be an exaggerated 

increase in LC3B-II and p62 in the presence of colchicine compared to non-supplemented 

controls (107). This allows for a ‘dynamic/static’ measure of autophagy when probing these 

markers via Western blotting. 

To this end, 8-week-old mice were supplemented with spermidine for 7 days, and received 

either 0.4mg/kg IP injections colchicine or PBS on days 5 and 6 (Discussed in methods 5.2), 

after which the EDL and SOL muscles were analysed via Western blotting for differences in 

LC3B and p62 expression. This is the first study to have compared the ‘dynamic/static’ 

expression of LC3B and p62 in fast-twitch (EDL) and slow-twitch (SOL) muscles from WT and 

mdx mice utilising an autophagy flux study. 

Importantly, compared to PBS treated controls, colchicine induced an accumulation of p62 in 

WT EDL muscles (Fig. 37), indicative of arrested autophagy due to decreased autolysosome 

formation. However, no colchicine effect was observed on p62 build-up in the WT SOL 

muscles (Fig. 39). These data are suggestive of a colchicine muscle/fibre-type preference for 
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the fast-twitch EDL muscle (139). Furthermore, there was a strong trend (p=0.0833) for 

colchicine increased p62 accumulation in mdx EDL muscles compared to PBS controls (Fig. 

37), with no changes within mdx SOL muscles (Fig. 39). This indicates that colchicine’s 

inhibitory effect on autolysosome formation is lower in mdx skeletal muscle whilst further 

highlighting colchicine’s potential to influence fast-twitch muscle over slow-twitch muscle. 

Interestingly, despite previously showing a genotypic increase in p62 abundance in mdx EDL 

(Fig.31) and SOL (Fig. 36) muscles from 16-week-old mice, only the mdx SOL muscles 

exhibited this same genotypic p62 increase compared to WT SOL muscles in these 9-week-

old mice (Fig. 39). This could indicate that the increase in p62 in the EDL is an age-dependant 

phenomenon in the mdx EDL muscles, perhaps due to the higher susceptibility to damage on 

the fast-twitch fibres (157). Importantly, there was no effect of spermidine supplementation on 

p62 accumulation in WT or mdx EDL (Fig. 37) and SOL (Fig. 39) muscles, further suggestive 

of no increased autophagy. 

In regard to LC3B, a colchicine effect was observed in WT EDL muscles, with colchicine 

inducing an increase in LC3B-I and LC3B-II (but no significant increase in the LC3B-II/LC3B-

I ratio) compared to muscles from the PBS treated WT control mice (Fig. 38A-C), further 

confirming the biological activity of the colchicine in vivo. Interestingly, despite no change in 

LC3B-I abundance in WT SOL muscles (Fig. 40A), a colchicine effect was observed with 

LC3B-II being increased by colchicine in WT SOL muscles compared to WT PBS controls 

(Fig. 40B), suggesting that WT SOL muscles are not completely unresponsive to the actions 

of colchicine. The potential for colchicine’s inhibitory effect to be lower in mdx muscle was 

reaffirmed with no colchicine effect observed on LC3B-I and LC3B-II expression for both mdx 

EDL (Fig. 38A and 38B) and SOL (Fig. 40A and 40B) muscles. However, despite the lack of 

colchicine induced mdx LC3B expression, mdx EDL muscles showed a trend (p=0.0781) for 

colchicine-induced increase of LC3B-II/LC3B-I ratio (Fig. 38C) that mdx SOL muscles did not 

(Fig. 40C), further suggesting that fast-twitch muscles/fibres are more sensitive to colchicine 

than slow-twitch muscles/fibres, and that mdx muscles may be less sensitive to colchicine 
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than WT muscles. As colchicine binds and inhibits microtubule elongation through its binding 

to tubulin, disorganized microtubules with the mdx model may have the potential to inhibit the 

colchicine/tubulin formation, corresponding in lower responsiveness to colchicine within the 

mdx model (167). Future studies would be needed to confirm this however. 

Interestingly, unlike our findings in 16-week-old mice (Fig. 31A), there was a main genotypic 

effect of LC3B-I expression, with mdx EDL muscles having higher levels than WT EDL 

muscles (Fig. 37A). This suggests that the relative difference in LC3B-I expression between 

mdx and WT EDL muscles change between 9 and 16 weeks of age (Fig. 31A). Furthermore, 

similar to the p62 data, no evidence was found that spermidine supplementation led to 

increased LC3B-I, LC3B-II or the LC3B-II/LC3B-I ratio, further suggesting that spermidine is 

unable to increase the in vivo rate of autophagy in EDL muscles from either WT or mdx mice 

(Fig. 38). 

The lack of effect of spermidine supplementation stands in contrast to a recent study that 

found 3mM of spermidine in drinking water for 30 days increased LC3B-II expression in WT 

muscle and in muscles from collagen-VI null mice [see Suppl. Fig. 1A in (138)]. One potential 

reason for spermidine not impacting autophagy markers is the timeframes that both 

supplementation experiments were conducted in the current study compared to the 30 days 

of supplementation used in the collagen-VI null mouse study (138), suggesting that 

spermidine’s influence on autophagy may be timepoint specific. As such, 7-day spermidine 

supplementation used for the autophagy flux assay may not have been long enough for 

spermidine to induce an upregulation autophagy, while a spermidine-induced activation of 

autophagy may have diminished after 13-week spermidine supplementation. As such, future 

studies could incorporate a time course to examine potential spermidine-induced changes to 

autophagy at multiple time points. 

In summary, this data documents colchicine’s ability to induce an accumulation of autophagy-

related proteins in WT and mdx muscles. Colchicine has a more potent effect on WT than mdx 

muscle, and on fast-twitch rather than slow-twitch muscles. Importantly, spermidine 
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supplementation had no influence on LC3B or p62 abundance within mdx EDL and SOL 

muscles, suggesting no spermidine-induced changes to the rate of autophagy. 

17. Limitations 

 

In this study, spermidine supplementation was used as a potential therapeutic compound to 

improve mdx skeletal muscle structure and function. Furthermore, this study also examined 

genotypic differences in the expression of polyamine pathway enzymes between WT and mdx 

skeletal muscle. Despite identifying several novel findings that advance our understanding of 

the mdx genotype, as well as the potential for spermidine supplementation to effect autophagy 

in WT and mdx muscle, this study has some limitations. One major limitation is that polyamine 

levels were not quantified in WT or mdx EDL and SOL muscles, with and without spermidine 

supplementation. This measurement would have enabled an analysis of whether the 

spermidine supplementation model was sufficient to increase steady state intra-muscular 

spermidine content, and spermidine content to be correlated with key mechanistic changes 

identified in mdx skeletal muscle. We did have discussion with Metabolomics Australia to 

perform this analysis on the EDL and SOL muscles that were specifically collected for this 

purpose, however, they could not guarantee that they could detect all requited polyamine 

species and their precursor molecules and degradation products. As such, this metabolomic 

analysis was postponed until the method can be further refined. 

Another limitation of this study is the use of a single age of 16-week-old mice. With the variation 

of autophagy-related proteins documented at different age groups of mdx mice, replicating 

this experiment in younger and older age groups could help to further define the spermidine-

induced mechanistic changes within mdx skeletal muscle. 
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18. Future Directions 
 

Because of the encouraging novel findings from this study, there are different potential studies 

that can be completed to further elaborate on the genotypic and spermidine-induced changes 

observed. Some potential future studies include: 

▪ Use of an mTORC1 inhibitor, such as rapamycin, with mdx mice to assess whether 

Amd1 and SpdSyn expression is inhibited to strengthen the hypothesis that expression 

of Amd1 and SpdSyn are mTORC1-dependant. 

▪ Quantification of polyamine levels in WT and mdx muscles to assess whether 

spermidine-supplementation altered the polyamine levels in WT and/or mdx muscle 

▪ Further investigation for mechanistic changes correlating with both spermidine-

induced decreases in mdx skeletal muscle mass and improved mdx EDL tetanic 

specific forces. 

▪ Investigate spermidine-induced effects on immune cell infiltration, inflammatory 

cytokine levels and TGB-β expression in mdx skeletal muscle which could influence 

the improved mdx EDL morphology. 

▪ Undertake an autophagy flux on mdx EDL and SOL muscles after 30-day’s of 

spermidine supplementation at the current and higher doses of spermidine, to assess 

potential limiting effects on autophagy proteins such as LC3B and p62. 

▪ Examine other muscles, such as the diaphragm, which is more severely affected within 

DMD pathology, to further define the polyamine pathway enzymes in different age and 

muscle groups, and the effect of spermidine supplementation. 

▪ Examine different mdx hindlimb muscles of both fast-twitch and slow-twitch 

composition to further define whether differences observed with spermidine 

supplementation are muscle and/or fibre-type specific. 

▪ Examine the effect of knockdown or overexpressing polyamine enzymes to determine 

their function in mdx muscles. For example, the knockdown of And1 and/or SpdSyn 

using adeno-associated viral (AAV) vectors encoding inhibitory RNAs could help 
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answer the question of whether the upregulation of the proteins is beneficial or 

detrimental to the DMD pathology in fast or slow-twitch muscles. Alternatively, 

increasing the expression of Sat1, which was reduced in mdx SOL muscles, will 

identify the molecular consequence of this genotypic difference. 

19. Conclusion 

 

This is the first study to examine differences in the expression of polyamine pathway enzymes 

between WT and mdx EDL and SOL muscles, basally and with spermidine supplementation. 

Our findings show the novel findings that various polyamine pathway enzyme levels differ 

between both genotype and muscle fibre-type, however, spermidine supplementation fails to 

induce further changes in polyamine enzyme abundance. This is also the first study to undergo 

spermidine-supplementation within the mdx mouse, resulting in positive improvements to mdx 

skeletal muscle tetanic specific forces and muscle morphology. Furthermore, we have 

documented the novel findings that spermidine supplementation induces changes to MAP1S 

abundance, AMPK phosphorylation and both phosphorylated and total 4EBP1 within mdx 

skeletal muscle. Moreover, these beneficial differences appear unlikely to be due to 

spermidine-induced changes in rates of autophagy. Overall, these novel data provide further 

evidence of a dynamic regulation of polyamine metabolism in skeletal muscle, and that 

exogenous spermidine induces beneficial improvements to mdx skeletal muscle highlighting, 

the potential for spermidine as a non-toxic long-term treatment for those with DMD. 
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