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Abstract 29 

Polyamines have been shown to be absolutely required for protein synthesis and cell growth. The 30 

serine/threonine kinase, the mechanistic target of rapamycin complex 1 (mTORC1), also plays a 31 

fundamental role in the regulation of protein turnover and cell size, including in skeletal muscle, 32 

where mTORC1 is sufficient to increase protein synthesis and muscle fiber size, and is necessary for 33 

mechanical overload-induced muscle hypertrophy. Recent evidence suggests that mTORC1 may 34 

regulate the polyamine metabolic pathway; however, there is currently no evidence in skeletal 35 

muscle. This study examined changes in polyamine pathway proteins during muscle hypertrophy 36 

induced by mechanical overload (7 d), with and without the mTORC1 inhibitor, rapamycin, and 37 

during muscle atrophy induced by food deprivation (48 h) and denervation (7 d) in mice. Mechanical 38 

overload induced an increase in mTORC1 signalling, protein synthesis and muscle mass, and these 39 

were associated with rapamycin-sensitive increases in adenosylmethione decarboxylase 1 (Amd1), 40 

spermidine synthase (SpdSyn) and c-Myc. Food deprivation decreased mTORC1 signalling, protein 41 

synthesis and muscle mass, accompanied by a decrease in spermidine/spermine acetyltransferase 1 42 

(Sat1). Denervation, resulted increased mTORC1 signalling and protein synthesis, and decreased 43 

muscle mass, which was associated with an increase in SpdSyn, spermine synthase (SpmSyn) and c-44 

Myc. Combined, these data show that polyamine pathway enzymes are differentially regulated in 45 

models of altered mechanical and metabolic stress, and that Amd1 and SpdSyn are, in part, 46 

regulated in a mTORC1-dependent manner. Furthermore, these data suggest that polyamines may 47 

play a role in the adaptive response to stressors in skeletal muscle. 48 

  49 
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Introduction 50 

Skeletal muscle mass is thought to be broadly regulated by the net difference between the global 51 

rates of protein synthesis and protein degradation, with net increases in protein degradation 52 

eventually leading to reduced muscle mass (i.e. muscle atrophy), while net increases in protein 53 

synthesis leads to muscle growth (i.e. muscle hypertrophy) (29).  54 

Protein synthesis predominantly involves the cap-dependent translation of mRNAs in a complex 55 

process that relies on numerous translation initiation and elongation factors, as well as ribosomes 56 

and ribosome-associated proteins (22). Protein synthesis is predominantly regulated at the level of 57 

translation initiation and a major regulator of translation initiation is the multi-protein 58 

serine/threonine kinase complex known as the mechanistic target of rapamycin complex 1 59 

(mTORC1) (22). mTORC1 regulates cap-dependent translation initiation, in part, by the direct 60 

phosphorylation, and subsequent activation and inhibition, of downstream targets, such as p70S6K1 61 

and 4E-BP1, respectively (22). Furthermore, many, but not all, of mTORC1’s downstream effects are 62 

inhibited by the drug, rapamycin (34). Importantly, mTORC1 activation is known to 63 

disproportionately increase the translation of some mRNAs more so than others, such as 5’-tract of 64 

pyrimidine (5’-TOP) mRNAs that typically encode for translation initiation and elongation factors and 65 

ribosomal proteins (42). Another class of mRNAs whose translation has the potential to be positively 66 

regulated by mTORC1 activation are mRNAs with highly structured guanine/cytosine (G-C)-rich 5’-67 

UTRs, such as those that encode for cell growth and pro-survival proteins, including Bcl-2, BCL-xL, 68 

IGF-II, cyclin D1 and c-Myc [for review see (11)]. Included in this group is the mRNA of the growth-69 

related protein, ornithine decarboxylase (Odc1), a key component of the polyamine synthesis 70 

pathway (9). 71 

 72 

Odc1 catalyzes the first rate-limiting reaction of the polyamine pathway in which ornithine is 73 

decarboxylated to produce putrescine [for review see (4)]. Putrescine is then converted to 74 

spermidine (Spd) by spermidine synthase (SpdSyn), a reaction that requires an aminopropyl donor, 75 

in the form of decarboxylated S-adenosylmethionine (dcAdoMet or dcSAM) which is provided by the 76 

enzymatic reaction catalyzed by S-adenosylmethionine decarboxylase (AdoMetDC; aka Amd1) (4). In 77 

turn, Spd can then be converted to spermine (Spm) by spermine synthase (SpmSyn), with the 78 

required aminopropyl group again being supplied by the Amd1 catalysed reaction. Spm can also be 79 

converted back to Spd via the enzyme, spermine oxidase (Smox), while Spd and Spm can both be 80 

acetylated and removed from the pathway via the action of spermidine/spermine N1-81 

acetyltransferase (Sat1) (4). Importantly, polyamines are absolutely essential for normal cell 82 

function, with depletion of polyamines leading to complete inhibition of protein synthesis and cell 83 
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growth (40). Furthermore, there is mounting evidence that mTORC1 may directly, or indirectly, 84 

regulate aspects of the polyamine pathway [for review see (44)]. 85 

One of the earliest studies suggesting a potential link between mTORC1 and the polyamine pathway 86 

found that Odc1 activity in cultured non-muscle cells was increased by serum stimulation and this 87 

increase was inhibited by rapamycin (52). Evidence of a more direct role for mTORC1 in polyamine 88 

synthesis comes from a recent study showing that mTORC1 directly phosphorylates Amd1 leading to 89 

reduced proteasome-mediated Amd1 degradation in prostate cancer cells (63). Another potential 90 

link between mTORC1 and the polyamine pathway is that similar to Odc1, the 5’-UTR of the mRNA 91 

encoding SpdSyn also has a high G-C content and is predicted to form extensive secondary structure 92 

that impairs ribosomal scanning and, therefore, translation initiation (35, 58). As such, mTORC1-93 

mediated activation of cap-dependent translation, the recruitment of the eIF4A RNA helicase and 94 

the p70S6K1-mediated phosphorylation of eIF4B (41), may also facilitate SpdSyn mRNA translation 95 

and promote Spd synthesis. mTORC1 activation also increases the translation of the transcription 96 

factor, c-Myc (8), and the genes for Odc1, Amd1 and SpdSyn are known to also be transcriptionally 97 

regulated by c-Myc (1, 17-19). Thus, mTORC1 could also indirectly increase the expression of Odc1, 98 

Amd1 and SpdSyn via a c-Myc-dependent mechanism. 99 

 100 

Despite the growing body of evidence supporting a role for mTORC1 as a regulator of the polyamine 101 

pathway, to date, there is currently no direct evidence of a role for mTORC1 in the regulation of key 102 

polyamine pathway proteins in skeletal muscle. Nonetheless, there is some data suggesting that 103 

changes in polyamine metabolism may play a role in muscle adaptation in health and disease. For 104 

example, Smox protein was recently shown to be downregulated in skeletal muscle during muscle 105 

atrophy associated with immobilization, fasting, denervation and aging (2). Smox and Amd1 proteins 106 

were also recently found to be downregulated in a mouse model of LAMA2-deficient congenital 107 

muscular dystrophy (36). Additionally, Amd1 and Odc1 gene expression are known to be positively 108 

regulated in skeletal muscle by androgens and androgen receptor agonists (15, 38, 39, 49). As 109 

further evidence of a potential role for polyamine metabolism in muscle, we recently found that 110 

SpdSyn protein, but not mRNA, was upregulated in a mouse model of follistatin (FST)-induced 111 

muscle hypertrophy (10), supporting the hypothesis that SpdSyn protein is, in part, regulated at the 112 

level of translation during growth in skeletal muscle. Interestingly, the increase in SpdSyn occurred 113 

after only 2 d of FST induction and remained elevated for at least 4 wk as muscle continued to 114 

undergo hypertrophy  (10), showing that the increase in SpdSyn is a relatively early event in this 115 

hypertrophic model. Given that FST-induced muscle hypertrophy is associated with an increase in 116 

mTORC1 signalling, and that rapamycin markedly inhibits FST-induced growth (61), these data 117 
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support the idea that SpdSyn protein expression may, in part, be regulated by a mTORC1-dependent 118 

mechanism; however, to date, this hypothesis has not been directly tested in models of adaptive 119 

muscle growth.  120 

 121 

Therefore, the overall aim of this study was to investigate changes in the expression of polyamine 122 

pathway proteins in models of skeletal muscle hypertrophy (i.e. mechanical overload) and atrophy 123 

(i.e. denervation and food deprivation). Secondly, we aimed to specifically examine whether SpdSyn 124 

would be upregulated during mechanical overload-induced muscle hypertrophy and, if so, whether 125 

the increase in SpdSyn protein would be inhibited by the mTORC1 inhibitor, rapamycin. 126 

 127 

 128 

Methods 129 

Animals 130 

Female FVB/N mice, aged 8-11 wk, were purchased from Animal Resources Centre (ARC; Western 131 

Australia) and housed at the Western Centre for Health, Research and Education (Sunshine Hospital, 132 

Victoria, Australia) on a 12 h light/dark cycle with ad libitum access to food and water. All surgeries 133 

were performed under isoflurane anesthesia, and following tissue extraction, mice were killed by 134 

cervical dislocation while still under anesthesia. All experimental procedures were approved by the 135 

Victoria University Animal Ethics Committee (VUAEC #16-006 and #19-001) and conformed to the 136 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, 8th Edition, 2003. 137 

 138 

Mechanical overload 139 

To examine the effects of mechanical overload-induced muscle hypertrophy, mice were 140 

anesthetized with isoflurane and immediately prior to the surgery mice were given an 141 

intraperitoneal (IP) injection of 0.05 mg/g of buprenorphine analgesic. To induce mechanical 142 

overload of the plantaris (PLT) muscles, bilateral myotenectomy was performed by removing the 143 

distal tendon and myotendinous junction of the gastrocnemius muscle as previously described (62). 144 

Following the surgeries, incisions were closed with Vetbond surgical glue (Henry Schein, Melville, NY, 145 

USA). Control mice were subjected to a sham surgery where an incision was made on the lower leg 146 

and the wound similarly closed. Mice were allowed to recover for 7 d after which mice were re-147 

anesthetized with isoflurane and the PLT muscles were collected, immediately frozen in liquid N2, 148 

and subjected to Western blot analysis as described below. 149 

 150 

 151 
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 152 

Rapamycin injections 153 

Rapamycin was purchased from LC laboratories (Woburn, MA, USA) and was dissolved in DMSO to 154 

generate a 5 μg/μl stock solution. The appropriate volume of the stock solution needed to inject 155 

mice at a dose of 1.5 mg/kg was dissolved in 200 μl of phosphate-buffered saline (PBS) and 156 

administered via an IP injection 2 h before the MTE or sham surgery (based on an average body 157 

mass of 20.9 ± 0.3 g for mice used in the MTE-induced overload experiments, the relative 158 

percentage of DMSO in each rapamycin, or vehicle, injection was 3.1%). Mice then received daily 159 

rapamycin IP injections for 7 d, with muscles being collected 24 h after the last injection.  160 

 161 

Denervation-induced mechanical unloading 162 

To examine the effect of denervation-induced muscle atrophy, unilateral denervation surgeries were 163 

performed under isoflurane anaesthesia by making a small incision in the skin and underlying 164 

musculature on the lateral proximal thigh parallel with the femur as previously described (23). The 165 

sciatic nerve was then isolated and a 3–4 mm section of the nerve cut out. Control mice were 166 

subjected to a sham surgery. Following the surgeries, incisions were closed with Vetbond surgical 167 

glue. Mice were allowed to recover for 7 d, after which the tibialis anterior (TA) muscle was collected 168 

under isoflurane anesthesia, frozen in liquid N2, and subjected to Western blot analysis as described 169 

below. 170 

 171 

Food Deprivation 172 

To examine the effect of acute food deprivation (FD)-induced muscle atrophy, food was withheld 173 

from mice for 48 h, with ad libitum access to water, as previously described (27). Control mice were 174 

maintained on the ad libitum diet (AL). After 48 h, mice were anaesthetized with isoflurane and the 175 

TA muscles were collected, frozen in liquid N2, and subjected to Western blot analysis as described 176 

below. 177 

  178 

Puromycin injections and muscle collections for in vivo SUnSET measures of protein synthesis 179 

To measure the relative differences in the rates of protein synthesis between treatments, we used 180 

our puromycin-based in vivo SUnSET method (26, 28). Puromycin was purchased from Millipore 181 

Sigma and was dissolved in water to generate a 75 mM stock solution. For all in vivo measurements 182 

of protein synthesis, 0.040 µmol/g body mass of puromycin in 100 µl of PBS was administered via an 183 

IP injection at 30 min before muscle collection (28). More specifically, 20 min after the puromycin 184 

injection, mice were anaesthetized with isoflurane and placed on a heated pad, the PLT or TA 185 
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muscles were exposed and then rapidly dissected at exactly 30 min post-puromycin injection and 186 

immediately frozen in liquid N2. 187 

 188 

 189 

Western Blotting 190 

Frozen muscles were homogenized with an Omni homogenizer (Model #TH220) for 20 s in ice-cold 191 

buffer A [40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, 25 mM b-192 

glycerophosphate, 25 mM NaF, 1 mM Na3VO4, 10 mg/ml leupeptin, and 1 mM PMSF]. The whole 193 

homogenate was used for further Western blot analysis. Sample protein concentration was 194 

determined with a DC protein assay kit (Bio-Rad, Hercules, CA, USA). Equivalent amounts of protein 195 

from each sample were dissolved in Laemmli buffer, heated to 100°C for 5 min, and then subjected 196 

to electrophoretic separation by SDS-PAGE. Following electrophoretic separation, proteins were 197 

transferred to a PVDF membrane and blocked with 5% powdered milk in TBS containing 0.1% Tween 198 

20 (TBST) for 1 h followed by an overnight incubation at 4°C with primary antibody dissolved in TBST 199 

containing 1% bovine serum albumin. Primary antibodies used were: mouse anti-puromycin (mAB 200 

IgG2a 12D10, 1:5000, Millipore, #MABE343), rabbit anti-total p70S6k1 (1:2000, CST, #9202), rabbit 201 

anti-p70S6k1 T389 (1:1000, CST, #9205), rabbit anti-ornithine decarboxylase 1 (Odc1, 1:2000, 202 

ProteinTech, #17003-1-AP), rabbit anti-s-adenosylmethionine decarboxylase (Amd1, 1:250, Santa 203 

Cruz, #sc-1666970), rabbit anti-spermidine synthase (Srm, 1:1000, ProteinTech, #19858-1-AP), rabbit 204 

anti-spermine synthase (Sms, 1:1000, Abcam, #ab15147), rabbit anti-spermine oxidase (Smox, 205 

1:1000, ProteinTech, #15052-1-AP), rabbit anti-spermidine/spermine N1-acetyltransferase 1 (Sat1, 206 

1:1000, CST, #61586). After an overnight incubation, the membranes were washed for 30 min in 207 

TBST and then probed with a peroxidase conjugated secondary antibody for 1 h at room 208 

temperature. Secondary antibodies used were: anti-mouse IgG Fc 2a horseradish peroxidase-209 

conjugated antibody (1:50,000, #115-035-206, Jackson ImmunoResearch Laboratories Inc., West 210 

Grove, PA, USA) and anti-rabbit IgG (H+L) horseradish peroxidase-conjugated antibody (1:5000, #PI-211 

1000, Vector Laboratories, Burlingame, CA, USA). Following 30 min of washing in TBST, the blots 212 

were developed using ECL Prime reagent (Amersham, Piscataway, NJ, USA) and images were 213 

captured (Fusion FX imaging system, Vilber Lourmat, Germany). Densitometric analysis was 214 

performed using Fusion CAPT Advance software (Vilber Lourmat, Germany). Membranes were then 215 

stained for total protein with Coomassie Blue or Ponceau. The signal for the band of the protein of 216 

interest was then normalized to the signal for total protein in each lane. 217 

 218 

Statistical analysis 219 
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Data are presented as Mean ± SEM, with all graphs displaying the results for individual samples. 220 

Statistical significance was determined by using a 2-way ANOVA, followed by a Tukey’s post hoc 221 

analysis [for the 4 group myotenectomy (MTE) experiments], or a Student’s unpaired, 2-tailed t-test 222 

[for the 2 group food deprivation (FD) and denervation (Den) experiments]. Differences between 223 

groups were considered significant when p<0.05. All statistical analyses were performed on 224 

GraphPad Prism v9 software.  225 

Results 226 

mTORC1 signalling, protein synthesis, skeletal muscle mass and polyamine pathway protein 227 

expression during mechanical overload-induced muscle hypertrophy. 228 

To assess the regulation of polyamine pathway enzymes in response to mTORC1-mediated muscle 229 

growth, we subjected mice to bilateral myotenectomy (MTE) (62), or sham, surgeries and allowed 230 

mice to recover for 7 d with daily IP injections of the mTORC1 inhibitor, rapamycin, or vehicle 231 

control. First, to ensure that mTORC1 signalling would be inhibited prior to the mice recovering from 232 

the MTE or sham surgery and, therefore, prior to the initiation of overload on the plantaris (PLT) 233 

muscle, we injected mice with rapamycin (or vehicle) and collected PLT muscles 2 h later for 234 

Western blot analysis of the phosphorylation of the T389 residue of the direct mTORC1 substrate, 235 

p70S6K1 (25, 30). As shown in Fig. 1A, the administration of rapamycin 2 h prior markedly inhibited 236 

mTORC1 signalling, demonstrating effective mTORC1 inhibition prior to the onset of mechanical 237 

overload.  238 

Next, we examined changes in p70S6K1 phosphorylation after 7 d of MTE-induced overload. As shown 239 

in Fig. 1B, p70S6K1 T389 phosphorylation was elevated by 7 d of MTE-induced overload and this 240 

response was ablated by rapamycin treatment (Fig. 1B). Consistent with the increase in mTORC1 241 

signalling, MTE induced a significant increase in muscle mass that was also inhibited by rapamycin 242 

(Fig. 1C). Having confirmed an adaptive increase in muscle mass associated with mechanical 243 

overload, we examined MTE-induced changes in the rate of protein synthesis using the puromycin-244 

based SUnSET method and found that MTE induced an increase in the rate of protein synthesis, 245 

which was again inhibited by rapamycin (Fig. 1D). Combined, these data show MTE induced muscle 246 

hypertrophy that was associated with an increase in mTORC1 signalling and protein synthesis, and 247 

that these were all inhibited by rapamycin. Importantly, these data show that this model is 248 

appropriate to address the questions of whether polyamine pathway protein expression is altered 249 

during mechanical overload-induced muscle hypertrophy and whether mTORC1 may play a role. 250 

To determine whether key components of the polyamine pathway were altered in muscles 251 

undergoing hypertrophy, we next examined the expression of one of first rate-limiting enzymes of 252 
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the polyamine pathway, Odc1.  Unexpectedly, there was no significant effect of MTE or rapamycin 253 

on Odc1 protein (Fig. 2A). The second rate-limiting step of the polyamine pathway is catalysed by 254 

the enzyme, Amd1, and as shown in Fig. 2B, Amd1 was significantly upregulated by MTE and this 255 

response was largely inhibited by rapamycin. Similar to Amd1, the abundance of SpdSyn was also 256 

increased by MTE in a rapamycin-sensitive manner (Fig. 2C). In contrast, there was no effect of MTE 257 

or rapamycin on the abundance of SpmSyn, Smox or Sat1 proteins (Fig 2D-F). These data suggest 258 

that during chronic mechanical overload, Amd1 and SpdSyn protein abundance is regulated, in part, 259 

by rapamycin-sensitive, and presumably a mTORC1-dependent mechanism. mTORC1 is known to 260 

also positively regulate the translation of the mRNA encoding the transcription factor, c-Myc (8, 21, 261 

59), and c-Myc is a positive regulator of Amd1 and SypSyn gene expression (17, 19). We have 262 

previously shown that c-Myc is markedly elevated by the more robust synergist ablation model of 263 

mechanical overload (24), however, whether c-Myc protein is upregulated by this milder MTE 264 

overload model is yet to be determined. As such, we also examined changes to c-Myc protein by 265 

MTE and found that, similar to Amd1 and SpdSyn, c-Myc was increased by MTE and this response 266 

was markedly inhibited by rapamycin (Fig. 2G). Overall, these data show that mechanical overload-267 

induced muscle hypertrophy is associated with an increase in Amd1 and SpdSyn, suggesting a role 268 

for polyamine metabolism in this mechanical overload-based model of hypertrophic adaptation. 269 

Furthermore, these changes in Amd1 and SpdSyn are regulated by a rapamycin sensitive, and 270 

presumably mTORC1-dependent, manner that may involve c-Myc. 271 

 272 

mTORC1 signalling, protein synthesis, skeletal muscle mass and polyamine pathway protein 273 

expression during muscle atrophy induced by food deprivation and denervation 274 

Given the potential mTORC1-dependent changes in polyamine pathway proteins we observed during 275 

load-induced muscle hypertrophy, we hypothesised that key proteins of the polyamine pathway may 276 

also be altered in models of muscle atrophy. To address this question, we examined two models of 277 

atrophy that are characterised by two very different responses to mTORC1 signalling. Specifically, in 278 

the denervation (Den) model of muscle atrophy, mTORC1 is initially markedly elevated (23), while in 279 

the food deprivation (FD) model, mTORC1 signalling is markedly reduced (27).  Firstly, we 280 

investigated the FD model and, as shown in Fig. 3, 48 h of FD resulted in the expected decreases in 281 

body mass (Fig. 3A), muscle mass (Fig. 3B), mTORC1 signalling (Fig. 3C) and protein synthesis (Fig. 282 

3D) compared to the ad libitum (AL) fed controls. mTORC1 is also a negative regulator of autophagy 283 

and nutrient starvation is known to activate autophagy (45).  As expected, FD led to an increase in 284 

the autophagy marker, LC3B-II, and the LC3B-II/LC3B-I ratio (Fig. 3E), indicating increased autophagy. 285 
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Regarding the polyamine pathway proteins, despite the decrease in mTORC1 signalling with FD, 286 

there was no change in the expression of Odc1, Amd1, SpdSyn, SpmSyn or Smox proteins with FD 287 

(Fig. 4A-E), nor a change in c-Myc protein (Fig. 4G). There was, however, a significant decrease in 288 

Sat1 (Fig. 4F). These data suggest a very limited effect on the expression of polyamine pathway 289 

proteins in muscles undergoing atrophy as a consequence of severe caloric restriction. 290 

 291 

In the second model of muscle atrophy, 7 d of Den resulted in a significant decrease in muscle mass, 292 

with no change in body mass (data not shown), compared to muscles from sham control mice (Fig. 293 

5A). In contrast to the FD model, Den-induced atrophy was associated with an increase in both LC3B-294 

I and LC3B-II proteins, and a trend (p = 0.07) for an elevation in the LC3B-II/LC3B-I ratio (Fig. 5B). This 295 

difference in the expression of LC3B-I and LC3B-II between these two atrophy models may be 296 

related, in part, to the difference in mTORC1 activation with Den, which is likely to antagonise the 297 

induction, elongation and autophagosome maturation steps of autophagy [for review see (14)]. 298 

Indeed, as we, and others, have previously shown [e.g. (23, 55)], Den-induced atrophy was 299 

associated with a large increase in p70S6K1 T389 phosphorylation, indicating increased mTORC1 300 

signalling, and by a mild elevation in the rate of protein synthesis (Fig. 5C & D). Regarding polyamine 301 

pathway proteins, we found that Den was associated with a small decrease in Odc1 (Fig. 6A). 302 

Interestingly, similar to MTE-induced hypertrophy, Den was associated with increased SpdSyn and c-303 

Myc (Fig. 6C & G); however, unlike MTE, Den did not result in a change in Amd1 (Fig. 6B). Instead, 304 

Den resulted in a marked increase in SpmSyn (Fig. 6D) and, unlike with FD-induced atrophy, Den was 305 

not associated with a change in Sat1 protein (Fig. 6F). These data suggest a positive correlation 306 

between mTORC1 signalling and the expression of c-Myc and SpdSyn proteins with Den, similar to 307 

that found with MTE-induced muscle hypertrophy, but not Amd1. Furthermore, unlike the FD model, 308 

Den-induced atrophy was associated with an increase in SpmSyn.  Overall, these data suggest that 309 

the polyamine pathway is being differentially regulated in these models of muscle atrophy and this 310 

regulation of polyamines may play a role(s) in the respective adaptive responses.  311 

 312 

Discussion 313 

This is the first study to comprehensively investigate changes in the abundance of polyamine 314 

pathway enzymes in models of muscle hypertrophy and muscle atrophy. Overall, we find that 315 

specific proteins in this pathway are differentially regulated in the three different models, suggesting 316 
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that changes in the levels of specific polyamines and/or the rate of flux through the polyamine 317 

pathway may play a role in the adaptation to these different imposed stressors.  318 

A major aim of this study was to examine whether changes to polyamine pathway proteins might be 319 

associated with the activation of mTORC1. To explore this hypothesis, we employed the MTE-320 

induced model of chronic mechanical overload that we have previously shown to induce muscle 321 

hypertrophy in a rapamycin-sensitive and mTORC1-dependent manner (62). In this study, we again 322 

confirm that MTE was sufficient to induce muscle hypertrophy and that this was associated with an 323 

increase in mTORC1 signalling and protein synthesis. Furthermore, we showed that rapamycin 324 

inhibited MTE-induced mTORC1 signalling, protein synthesis and muscle growth. Contrary to our 325 

hypothesis, however, we did not find an increase in Odc1 protein, one of the rate-limiting enzymes 326 

of the polyamine pathway. The regulation of Odc1 expression is, however, relatively complex, 327 

including transcriptional, translational and post-translational mechanisms [for review see (46)]. For 328 

example, in addition to transcriptional and translational regulation, Odc1 protein has one of the 329 

shortest half-lives in mammalian cells [10-30 min (3)] that is mediated by a polyamine-induced 330 

expression of the non-competitive inhibitor, antizyme (Az or Oaz), which forms a heterodimer with 331 

Odc1, leading to ubiquitin-independent proteasome-mediated degradation (5, 6, 32). Furthermore, 332 

another protein, antizyme inhibitor (Azin), has an even higher affinity for Az and, thus, competes 333 

with Odc1 for binding to Az and inhibits Odc1 degradation (20, 33).  While we did not detect an 334 

increase in Odc1 at 7d after the initiation of mechanical overload, we cannot rule out that Odc1 335 

levels may have been altered at an earlier time point. It has also been reported in non-muscle cells 336 

that Odc1 is phosphorylated and that phosphorylation increases Odc1 activity (50) suggesting that 337 

Odc1 activity could also be regulated independent of changes in Odc1 protein abundance. Clearly 338 

future studies are required to investigate potential changes to Odc1 transcription, translation and/or 339 

activity, and changes to Az and Azin expression, in this and other models of muscle growth. 340 

Importantly, in contrast to Odc1, we found that MTE did induce an increase in the second rate-341 

limiting enzyme, Amd1. Furthermore, this overload-induced increase was markedly inhibited by 342 

rapamycin, suggesting that the expression of Amd1 is regulated, in part, by a mTORC1-dependent 343 

mechanism, and that Amd1 may play a role in the adaptation to chronic mechanical overload. 344 

Similar to Odc1, Amd1 is regulated transcriptionally and translationally (17, 60), and also has a very 345 

short half-life [~30 min; (54)]. One possible reason for increased Amd1 abundance is a 346 

mTORC1/eIF4E-mediated increase in translational efficiency of the Amd1 mRNA that possess a long 347 

and highly structured 5’-UTR (41, 53). In addition, the Amd1 gene has been shown to contain at least 348 

one c-Myc-binding E-box upstream of the transcriptional start site (17). Our finding of an overload-349 

induced and rapamycin-sensitive increase in c-Myc protein suggests that mTORC1 could also have 350 
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contributed to the increase in Amd1 protein by facilitating an increase in c-Myc mRNA translation (8, 351 

21, 59), leading to a c-Myc-mediated increase in Amd1 gene transcription (18). Another potential 352 

link between mTORC1 and Amd1 comes from a recent study that reported a high correlation 353 

between Amd1 levels and mTORC1 activity (i.e. p70S6K1 phosphorylation) in prostate cancer cells 354 

(63). Subsequent analysis showed that Amd1 was a direct target of mTORC1 and that mutation of 355 

the mTORC1-mediated phosphorylated Amd1 residue (S298A) resulted in a reduced Amd1 protein 356 

half-life, suggesting that activated mTORC1 plays a post-translational role in increasing Amd1 357 

stability (63). Unfortunately, there is currently no commercially available antibody to enable 358 

investigate of this potential mechanism in overloaded skeletal muscle. Nonetheless, these data 359 

strongly suggest a direct and/or indirect role for mTORC1 in regulating Amd1 expression during MTE-360 

induced muscle hypertrophy. Interestingly, it has recently been shown that mTORC1, via c-Myc, also 361 

positively regulates the expression of the enzyme, MAT2A, which catalyzes the conversion of 362 

methionine to SAM (S-adenosylmethione), the product of one-carbon metabolism and the substrate 363 

for Amd1 (57).  Furthermore, SAM is a known indirect activator of mTORC1 activity via binding to the 364 

protein, SAMTOR (31). These data suggest that, in addition to mTORC1 increasing the expression of 365 

the key polyamine pathway proteins, Amd1 and SpdSyn, mTORC1 may also increase SAM leading to 366 

enhanced mTORC1 activity and ensuring provision of Amd1 substrate for increased polyamine 367 

synthesis to support cell growth; however, this hypothesis is yet to be directly investigated in 368 

skeletal muscle. 369 

Similar to Amd1, we found that SpdSyn was also upregulated by mechanical overload in a 370 

rapamycin-sensitive manner that again suggests the involvement of mTORC1. Possible reasons for 371 

the increase in SpdSyn protein also include mTORC1-mediated increases in translational efficiency of 372 

the highly structured SpdSyn mRNA (35, 41, 58) and/or an increase in c-Myc-mediated SpdSyn 373 

transcription, potentially facilitated by mTORC1 (8, 17, 19, 21, 59). Importantly, these findings 374 

suggest a role for Spd synthesis in the hypertrophic response to mechanical overload. These data are 375 

consistent with our previous finding that SpdSyn protein, but not mRNA, was upregulated at 2 and 376 

28d after the induction of FST-induced muscle hypertrophy (10), and suggest a role for Spd synthesis 377 

in muscle growth more broadly. Interestingly, the overexpression of Smox, which converts Spm back 378 

to Spd, was recently shown to stimulate muscle fiber hypertrophy and inhibit various models of 379 

muscle fiber atrophy  (2). Polyamines have been shown to play essential roles in facilitating protein 380 

turnover in cells, with the depletion of polyamines leading to a complete inhibition of protein 381 

synthesis and cell growth (40), an effect that is likely driven by depletion of Spd. For example, Spd is 382 

the precursor molecule required for the unique covalent post-translation modification, known as 383 

hypusination, of the translation factor, eIF5A [for review see (13)], and inhibition of eIF5A 384 
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hypusination leads to the ablation of protein synthesis in cultured muscle cells (12). Spermidine has 385 

also been shown to play an essential role in regulating autophagy (56), a process required for 386 

optimal protein turnover (51), in part, through its ability to inhibit histone, and autophagy-related 387 

protein, acetylation (16, 43, 48). When combined, the results from our MTE model suggest that Spd 388 

synthesis may play a critical role in the adaptive response to mechanical overload and that the up-389 

regulation of SpdSyn expression, and subsequent increase in spermidine production, may be a 390 

fundamental component of the mTORC1-regulated network needed for the increase in protein 391 

turnover required for muscle hypertrophy. Figure 7 provides a graphical summary of the results from 392 

the MTE mechanical overload study, highlighting the role of mTORC1 in the activation of spermidine 393 

synthesis and its requirement for protein synthesis. Many questions, however, remain to be 394 

answered and further studies are needed to determine whether SpdSyn/Spd are, in fact, required 395 

for mechanically-induced increases in protein synthesis and muscle mass, and to determine the 396 

relative contributions of transcriptional and translational regulation of key polyamine pathway 397 

proteins in overload-induced muscle growth. 398 

Another aim of this study was to determine whether the abundance of any of the major polyamine 399 

pathway enzymes would also be altered in models of muscle atrophy. The first model examined was 400 

48 h food deprivation in which mTORC1 signalling and protein synthesis are markedly inhibited. In 401 

this model, we found no change in the proteins that were up regulated by MTE in a rapamycin-402 

sensitive, and presumably a mTORC1-dependent manner (i.e. Amd1 or SpdSyn), suggesting that 403 

mTORC1 does not play a significant role in regulating the basal levels of these proteins under the 404 

condition of severe caloric restriction. The lack of change in Odc1 abundance was also an notable 405 

finding given that an early study has reported a marked (~80%) decrease in Odc1 activity in 406 

gastrocnemius/thigh muscle of rats starved for 48 h (7). Notwithstanding species and muscle 407 

differences between the two studies, these data suggest the possibility of post-translational 408 

regulation of Odc1 activity that is independent of protein abundance [e.g. phosphorylation (50)]. 409 

Recently, using the same antibody used in the current study, Bongers et al reported that Smox 410 

protein was down regulated after 24 h food deprivation in the TA muscles of male C57Bl/6 mice (2). 411 

This finding is in contrast to our observation of no change in Smox protein after 48 h of food 412 

deprivation in female FVB/N mice and raises the intriguing possibility of mouse strain or sex 413 

differences in regulation of Smox, or that Smox protein levels initially declined at 24 h but then 414 

recovered by 48 h. Finally, the one protein that we found to be altered by starvation was Sat1, which 415 

catalyses the rate-limiting step of Spd and Spm catabolism in a reaction that requires acetyl-CoA [for 416 

review see (47)]. Similar to other polyamine pathway proteins, the regulation of Sat1 expression is 417 

complex, with elevated polyamine levels increasing Sat1 transcription, mRNA stability and 418 
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translation, and decreasing proteasome-mediated protein degradation (47). As such, a decrease in 419 

muscle Sat1 protein with food deprivation would be consistent with decreased polyamine levels; 420 

however, further work is required to determine the exact mechanism(s) involved in regulating Sat1 421 

expression in skeletal muscle and how this is related to polyamine levels under different conditions. 422 

The second model of muscle atrophy examined in this study was denervation which, in contrast to 423 

food deprivation, is paradoxically characterised by elevated mTORC1 signalling (23, 55). Similar to 424 

the MTE hypertrophy model, the denervation-induced increase in mTORC1 signalling was again 425 

associated with increased SpdSyn and c-Myc; however, unlike MTE, there was no corresponding 426 

increase in Amd1. This lack of effect could suggest that Amd1 is, in fact, not regulated in a mTORC1-427 

dependent manner, however, there is one other unique observation in this denervation model that 428 

may have an impact on this finding. Specifically, unlike with MTE, denervation was also associated 429 

with an increase in SpmSyn protein and Spm is known to be a potent inhibitor of Amd1 mRNA 430 

translation (53). The proposed mechanism involves a small open reading frame upstream (uORF) of 431 

the main Amd1 encoding reading frame which encodes for a small peptide (amino acid sequence: 432 

MAGDIS). In the presence of elevated Spm, this peptide causes ribosomes to stall during the 433 

termination step at this small uORF, therefore blocking access of ribosomes to the main Amd1 ORF 434 

and inhibiting Amd1 mRNA translation (37). Thus, despite the increase in mTORC1 signalling and 435 

SpdSyn protein abundance, denervation-induced atrophy may be associated with reduced levels of 436 

Spd due an increase in SpmSyn and a Spm-mediated inhibition of the upstream rate-limiting enzyme, 437 

Amd1. While this is an attractive hypothesis, significantly more work is required to elucidate the 438 

exact mechanism, including how SpmSyn expression is regulated.  439 

 440 

Overall, the data from the FD and Den experimental models clearly demonstrates that the regulation 441 

of polyamine pathway proteins during muscle atrophy is not simply the reverse of what occurs 442 

during mechanically-induced muscle hypertrophy and is likely dependent on the type of atrophy 443 

stimulus. Nonetheless, these data again highlight the potential that the regulation of polyamine 444 

pathway enzymes/polyamines may play a critical role(s) in the remodelling of skeletal muscle in 445 

response to altered states of mechanical loading. 446 

 447 

Limitations 448 

In this study, we used three different models of skeletal muscle adaptation (one hypertrophic and 2 449 

atrophic) to identify novel changes to proteins involved in polyamine metabolism. While these 450 

findings are important for our understanding of skeletal muscle plasticity, further loss-of function 451 
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and gain-of function studies are required to define the precise roles that polyamines play in the 452 

adaptive response to stress on muscle. Furthermore, while we chose to focus on changes at the 453 

protein level, a more comprehensive understanding of mechanisms that regulate the changes in 454 

these proteins (i.e. transcription vs translation vs protein degradation) will be obtained from also 455 

examining changes in mRNA expression and protein stability. Metabolomics and tracer studies are 456 

also required to measure changes in the concentrations of specific polyamine species in these 457 

models and to quantify fluxes through the pathway. Finally, time course studies will also be 458 

beneficial to investigate the temporal nature of the changes to polyamine pathway proteins and to 459 

individual polyamines. 460 

 461 

Conclusion 462 

This is the first study to examine changes to the major enzymes of the polyamine pathway in skeletal 463 

muscle using different physiological stressors. Our findings show that various polyamine pathway 464 

enzymes are differentially regulated in response to mechanical overload, starvation and 465 

denervation. Furthermore, we provide evidence that the expression of SpdSyn, Amd1 and c-Myc are 466 

regulated in a rapamycin-sensitive manner that supports a direct and/or indirect role for mTORC1 in 467 

the regulation of polyamines during overload-induced muscle hypertrophy. Furthermore, we show 468 

that while denervation-induced atrophy is also associated with an increase in mTORC1 signalling, 469 

SpdSyn and c-Myc, it is also associated with an increase in SpmSyn expression, which may ultimately 470 

inhibit Amd1 expression and suppress Spd synthesis. Overall, these novel data are consistent with a 471 

role for changes in polyamine levels and/or flux in the adaptive response of skeletal muscle and 472 

support the need for further research into polyamine metabolism in skeletal muscle.  473 

 474 

  475 

  476 
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Figure Legends 664 

Figure 1: Mechanical overload-induced increases in mTORC1 signalling, muscle mass and protein 665 

synthesis. Mice were injected with rapamycin (Rap or R; 1.5 mg/kg) or vehicle (Veh or V), 2 h prior to 666 

undergoing myotenectomy (MTE), or sham (Sham), surgery.  Mice were then subjected to daily IP 667 

injections of Rap or Veh for 7 d after which plantaris muscles were collected 30 min after an IP 668 

injection of puromycin (see Methods). A. The effect of a single rapamycin dose on p70S6K1 T389 669 

phosphorylation relative to total p70S6K1 (P-p70S6K1T389 /Total p70S6K1 Ratio) 2 h prior to MTE or Sham 670 

surgery. B-D: The effect of 7 d MTE-induced overload, with and without daily rapamycin IP 671 

injections, on the P-p70S6K1T389 /Total p70S6K1 Ratio (B), plantaris muscle mass relative to body mass 672 

(C), and the rate of protein synthesis as assessed by the abundance of puromycin-labelled peptides 673 

(D). With the exception of muscle mass, all other values are expressed relative to Vehicle or Vehicle 674 

Sham controls. Data are Mean ± SEM (n = 3-4/group). # Significantly different from Vehicle treated 675 

groups. * Significantly different from all other groups, p < 0.05. Unpaired, two-tailed t-test or Two-676 

way ANOVA with Tukey’s post-test. 677 

 678 

Figure 2: The effect of mechanical overload on polyamine pathway proteins. Mice were injected 679 

with rapamycin (Rap or R; 1.5 mg/kg) or vehicle (Veh or V), 2 h prior to undergoing myotenectomy 680 

(MTE), or sham, surgery.  Mice were then subjected to daily IP injections of Rap or Veh for 7 d after 681 

which plantaris muscles were collected. Muscles were subjected to Western blot analysis for 682 

polyamine pathway-associated proteins: Ornithine decarboxylase 1 (Odc1. A). Adenosylmethionine 683 

decarboxylase 1 (Amd1, B), Spermidine synthase (SpdSyn, C), Spermine Synthase (SpmSyn, D), 684 

Spermine oxidase (Smox, E), Spermidine/spermine acetyltransferase 1 (Sat1, F) and c-Myc (G). Data 685 

are Mean ± SEM (n = 3-4/group). *Significantly different from all other groups, p < 0.05. Two-way 686 

ANOVA with Tukey’s post-test.  687 

 688 

Figure 3: Food deprivation-induced changes in body mass, muscle mass, mTORC1 signalling, 689 

protein synthesis and autophagy markers. Mice were allowed ad libitum (AL) access to food or were 690 

food deprived (FD) for 48 h. Thirty min prior to dissection of the tibialis anterior (TA) muscle, mice 691 

were given an IP injection of puromycin (see Methods). TA muscles were subjected to Western blot 692 

analysis. A-E: The effect of FD on body mass (A), muscle mass (B), p70S6K1 T389 phosphorylation 693 

relative to total p70S6K1 (P-p70S6K1T389 /Total p70S6K1 Ratio) (C), protein synthesis as assessed by the 694 

abundance of puromycin-labelled peptides (D) and the autophagy markers LC3B-I, LC3B-II and the 695 

LC3B-I/II ratio (E). With the exception of body mass and muscle mass, all other values are expressed 696 
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relative to AL controls. Data are Mean ± SEM (n = 4/group). * Significantly different from AL group, p 697 

< 0.05. Unpaired, two-tailed t-tests. 698 

 699 

Figure 4: The effect of food deprivation on polyamine pathway proteins. Mice allowed ad libitum 700 

(AL) access to food or were food deprived (FD) for 48 h. Tibialis anterior muscles were subjected to 701 

Western blot analysis for polyamine pathway-associated proteins: Ornithine decarboxylase 1 (Odc1. 702 

A). Adenosylmethionine decarboxylase 1 (Amd1, B), Spermidine synthase (SpdSyn, C), Spermine 703 

Synthase (SpmSyn, D), Spermine oxidase (Smox, E), Spermidine/spermine acetyltransferase 1 (Sat1, 704 

F) and c-Myc (G). Data are Mean ± SEM, n = 4/group. All values are expressed relative to Sham 705 

controls. * Significantly different from AL group, p < 0.05. Unpaired, two-tailed, t-test.  706 

 707 

Figure 5: Denervation-induced changes in muscle mass, autophagy markers, mTORC1 signalling 708 

and protein synthesis. Mice were subjected to sciatic nerve denervation (Den), or sham (Sham), 709 

surgery and allowed to recover for 7 d. Thirty min prior to dissection of the tibialis anterior (TA) 710 

muscle, mice were given an IP injection of puromycin (see Methods). TA muscles were subjected to 711 

Western blot analysis. A-E: The effect of Den on muscle mass to body mass ratio (A), the autophagy 712 

markers LC3B-I, LC3B-II and the LC3B-I/II ratio (B), p70S6K1 T389 phosphorylation relative to total 713 

p70S6K1 (P-p70S6K1T389 /Total p70S6K1 Ratio) (C), protein synthesis as assessed by the abundance of 714 

puromycin-labelled peptides (D). With the exception of muscle mass, all other values are expressed 715 

relative to Sham controls. Data are Mean ± SEM (n = 3-4/group). * Significantly different from Sham 716 

group, p < 0.05. Unpaired, two-tailed t-tests. 717 

 718 

Figure 6: The effect of denervation on polyamine pathway proteins. Mice were subjected to 719 

unilateral sciatic nerve denervation (Den), or sham (Sham), surgery and allowed to recover for 7 d. 720 

Tibialis anterior muscles were subjected to Western blot analysis for polyamine pathway-associated 721 

proteins: Ornithine decarboxylase 1 (Odc1. A). Adenosylmethionine decarboxylase 1 (Amd1, B), 722 

Spermidine synthase (SpdSyn, C), Spermine Synthase (SpmSyn, D), Spermine oxidase (Smox, E), 723 

Spermidine/spermine acetyltransferase 1 (Sat1, F) and c-Myc (G). Mean ± SEM, n = 4/group. All 724 

values are expressed relative to Sham controls. * Significantly different from Sham, p < 0.05. 725 

Unpaired, two-tailed, t-test.  726 

 727 

Figure 7: A summary of the potential role of mTORC1 in regulating the polyamine pathway during 728 

mechanical overload to support increases in protein synthesis and muscle hypertrophy. The results 729 

to the myotenectomy (MTE) study suggest that the mechanical activation of mTORC1 leads to 730 
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rapamycin-sensitive increase in Amd1 and SpdSyn proteins, possibly via increased Amd1 and SypSyn 731 

mRNA translation and/or via a c-Myc-mediated increase in Amd1 and SpdSyn transcription. 732 

Combined, these may lead to an increase in spermidine synthesis which is required for the 733 

hypusination of eIF5A which, in turn, is required for protein synthesis. Solid arrows indicate direct 734 

interactions or reactions. Dotted lines indicate multi-step processes. Definition of abbreviations: 735 

Odc1, ornithine decarboxylase 1; Amd1, adenosylmethionine decarboxylase 1; SpdSyn, spermidine 736 

synthase; SpmSyn, spermine synthase; Smox, spermine oxidase; Sat1, spermidine/spermine 737 

acetyltransferase 1; SAM, S-adenosylmethionine; dcSAM, decarboxylated SAM; MAT2A, Methionine 738 

Adenosyltransferase 2A ; MTA, 5-methylthioadenosine; hyp-eIF5A, hypusinated eukaryotic initiation 739 

factor 5A; mTORC1, mechanistic target of rapamycin; SAMTOR, S-adenosylmethionine sensor 740 

upstream of mTORC1. This figure was created using BioRender. 741 
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