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Abstract 39 
 40 
Skeletal muscle memory is an exciting phenomenon gaining significant traction across several 41 
scientific communities, amongst exercise practitioners and the public. Research has demonstrated 42 
that skeletal muscle tissue can be ‘primed’ by earlier positive encounters with exercise training that 43 
can enhance adaptation to later training, even following significant periods of exercise cessation or 44 
detraining. This review will describe and discuss the most recent research investigating the underlying 45 
mechanisms of skeletal muscle memory: 1) ‘cellular’ muscle memory and, 2) ‘epigenetic’ muscle 46 
memory, as well as emerging evidence of how these theories may work in synergy. We will discuss 47 
both ‘positive’ and ‘negative’ muscle memory and highlight the importance of investigating muscle 48 
memory for optimising exercise interventions and training programmes as well as the development of 49 
therapeutic strategies for counteracting muscle wasting conditions and age-related muscle loss. 50 
Finally, important directions emerging in the field will be highlighted to advance the next generation of 51 
studies in skeletal muscle memory research into the future. 52 
 53 
New & Noteworthy 54 
 55 
In this article we provide the most comprehensive review of the advances in skeletal muscle memory 56 
research to date. 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
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 70 
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 72 
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 74 
 75 
 76 
 77 
 78 
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What is muscle memory? An introduction 79 
 80 
Whenever we hear the term ‘memory’, we think about the recollection of a specific event encountered 81 
in our lives that is stored in the brain. Within wider biology, another familiar example of ‘memory’ 82 
would apply to our immune system, that retains the ability to produce antibodies to protect against 83 
specific antigens it has been exposed to in the past. When specifically referring to ‘muscle memory’, 84 
we perhaps associate this with the ability to reperform certain movements or motor skills, such as 85 
riding a bike. A skill that is learnt and typically not forgotten. However, the concept of muscle memory 86 
has now evolved amongst scientists and across the wider public domain. This evolution extends the 87 
concept of muscle memory and relates to a type of memory that resides at the cellular and molecular 88 
level in the skeletal muscle tissue itself. This is therefore perhaps a more accurate description of the 89 
term muscle memory as opposed to the acquisition and retention of a learnt motor skill that resides 90 
primarily in the central nervous system and is therefore associated with a motor learning or memory. 91 
Despite this, the knowledge of motor learning preceded an understanding of muscle memory that 92 
resides in skeletal muscle tissue and therefore the synonymous use of the term across both contexts 93 
is understandable. This review will focus on muscle memory that resides at the cellular and molecular 94 
level in the skeletal muscle tissue itself. 95 
 96 
The relevance of understanding skeletal muscle memory is that this specific organ is the most 97 
abundant, malleable, and adaptable adult tissue that responds sensitively to various environmental 98 
stimuli (Figure 1). Specifically, engaging in physical activity and exercise positively improves muscle 99 
size, metabolic processes, and functional performance. Equally, muscle tissue mass and strength is 100 
rapidly compromised in response to periods of physical inactivity (e.g. injury, disuse, hospitalisation), 101 
and various disease states (e.g. cancer and diabetes) alongside a gradual and natural deterioration 102 
with age, a disorder called sarcopenia (reviewed in (1)). There have been various observations that 103 
encounters with positive and negative environmental stimuli may be ‘remembered’ by the cells that 104 
make up muscle tissue, and that our muscle can respond differently if these stimuli are encountered 105 
again later. Therefore, in this context, skeletal muscle memory has been defined as: The capacity of 106 
skeletal muscle to respond differently to environmental stimuli in an adaptive (positive) or maladaptive 107 
(negative) manner if the stimuli have been encountered previously’ (2). In the context of exercise, 108 
muscle responds and adapts in an advantageous manner, where the associated molecular and 109 
phenotypic changes to exercise training are accentuated when a similar exercise stimulus has been 110 
performed previously. Specifically, the muscle hypertrophic and functional response to resistance 111 
training occur more quickly and to a greater extent following a second period of retraining, even when 112 
undertaken after a prolonged period of physical inactivity or ‘detraining’ where muscle mass has 113 
returned to pre-training levels (3, 4). This suggests that earlier training is able to ´prime´ skeletal 114 
muscle for a greater response and adaptation to later retraining, even following several months of 115 
detraining, a concept that was identified in the early 1990s (3). While some of the greater adaptative 116 
responses in strength to later retraining can be, in part, attributed to improved neural activation of the 117 
muscle, advanced molecular studies conducted over the past decade have demonstrated that the 118 
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cells within our muscle may also possess a memory of earlier training-induced muscle growth. 119 
Currently, there are two main underlying mechanisms proposed to be responsible for muscle 120 
possessing a memory of ‘positive’ stimuli: 1) The ‘cellular’ mechanism of muscle memory that relates 121 
to the accrual of new nuclei within muscle fibres (myonuclei) following a period of muscle growth that 122 
are maybe retained even during subsequent periods of muscle loss and are then associated with 123 
enhanced adaptation to later re-growth (5) (Figure 1) and: 2) The ‘epigenetic’ mechanism of muscle 124 
memory which relates to modifications to skeletal muscle DNA following earlier exercise-induced 125 
muscle growth, modifications of which are retained even into detraining where exercise is ceased, 126 
and is associated with enhancing the molecular responses and thus adaptation to later retraining (4, 127 
6, 7) (Figure 2).  128 
 129 
It is also plausible to hypothesise that a ‘negative’ muscle memory may also exist, whereby exposure 130 
to a muscle wasting-stimulus such as disuse or immobilisation due to injury or hospitalisation may 131 
result in the muscle becoming more susceptible to further muscle wasting if the same (or similar) 132 
stimuli is reencountered. In vitro experiments provide proof-of-concept for a negative muscle memory, 133 
where cultured muscle cells retained epigenetic alterations after treatment with high dose 134 
inflammatory cytokine, Tumour Necrosis Factor Alpha/TNF-α, at levels mimicking muscle wasting 135 
conditions such as cancer cachexia. Consequently, when retreating with TNF-α at a late stage in the 136 
muscle cells proliferative lifespan, differentiation capacity and myotube growth was further 137 
compromised (8). Evidence from animal studies also demonstrates that in-utero malnutrition leads to 138 
epigenetic changes and associated alterations in muscle size, fibre type and function of the offspring, 139 
suggestive that growth restricting environments during development and even before birth can 140 
negatively impact skeletal muscle in later life (reviewed in (2, 9)). Finally, to the authors knowledge, 141 
there is only one study that (indirectly) points towards the notion of negative muscle memory in 142 
humans, whereby breast cancer patients retain epigenetic modifications to skeletal muscle DNA (via 143 
DNA methylation) over 10 years after diagnosis and treatment (10). However, so far there is very little 144 
direct evidence in adult humans of a negative memory in skeletal muscle tissue.  145 
 146 
The purpose of this review is to describe the current working theories of cellular and epigenetic 147 
muscle memory in isolation as well as the emerging evidence of how these theories may also work in 148 
synergy. Beyond the direct implications for muscle memory research, to help elucidate the underlying 149 
mechanisms of skeletal muscle adaptation, we will also outline the practical implications of muscle 150 
memory for optimising exercise interventions and training programmes for athletes and the general 151 
population as well as the development of therapeutic strategies for counteracting muscle wasting 152 
conditions and age-related muscle loss. Finally, important directions emerging in the field of skeletal 153 
muscle memory and the importance of investigating ‘negative’ muscle memory for muscle wasting 154 
conditions will be highlighted to advance the next generation of studies in this field.  155 
 156 
 157 
 158 
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 159 
Theories for the mechanistic understanding of muscle memory 160 
 161 
Cellular memory: An introduction 162 
 163 
In 2013, work by Professor Kristian Gunderson’s laboratory first provided evidence that skeletal 164 
muscle could ‘remember’ hypertrophic stimuli. This study treated mice with testosterone for 14 days 165 
which led to an increase in muscle size and myonuclei number within the muscle fibres (5). Then, 166 
after a 3-month testosterone ‘washout’ period and testosterone abstinence (equivalent to ~12% of the 167 
mice’s lifespan), muscle size returned to pre-testosterone levels. Following the 3 months of 168 
testosterone abstinence, mechanical overload was performed using a procedure called synergistic 169 
ablation or mechanical overload, which involves the surgical removal of synergistic muscles leading to 170 
supraphysiological loading and subsequent rapid hypertrophy of the remaining intact muscles of the 171 
same muscle group (11). Interestingly, mice that had received earlier testosterone demonstrated a 172 
31% increase in extensor digitorum longus (EDL) muscle cross-sectional area (CSA) after 6 days 173 
mechanical overload compared with a non-significant 6% increase in growth observed in control mice 174 
that did not receive earlier testosterone (5). The EDL muscle between the two groups grew similarly 175 
for the remaining 8 days of overload, although the overall growth after 14 days of overload was still 176 
20% greater in the testosterone versus non-testosterone treated mice (5). Collectively, these findings 177 
suggested that earlier testosterone treatment allowed skeletal muscle to grow more quickly and to a 178 
greater extent following later mechanical overload, suggestive of a positive muscle memory from 179 
earlier testosterone use (Figure 1). The authors attributed the enhanced adaptation to mechanical 180 
overload to the retention of myonuclei from the earlier testosterone administration. However, this 181 
direct conclusion has been somewhat controversial because even though testosterone treatment did 182 
increase the number of myonuclei compared with sham controls, there was a reduction in the number 183 
of nuclei per fibre in the EDL after the testosterone washout period in testosterone treated mice. 184 
Despite this, the study still satisfies the current working definition of muscle memory described above, 185 
where an earlier exposure to a positive environmental stimulus evoking hypertrophy (anabolic 186 
stimulus of testosterone) led to an enhanced adaptive response when another hypertrophic stimulus 187 
(mechanical overload) was reencountered in the future.  188 
 189 
Why are increased myonuclei important for muscle adaptation? 190 
 191 
Before discussing more evidence of cellular muscle memory in detail, it is important to clarify why 192 
myonuclei incorporation into muscle fibres maybe important for the enhanced adaptive response to 193 
later environmental stimuli. Skeletal muscle contains fascicles that each encompass up to hundreds 194 
of muscle fibres, and fibres can be up to 20 cm in length and 10 mm2 in area (for example, in the 195 
human sartorius muscle in the thigh) (12). It is therefore estimated that 1 long fibre could contain tens 196 
of thousands of myonuclei and muscle fibres are therefore classed as highly multinucleated cells. This 197 
is crucial, as nuclei within our cells contain our DNA and are therefore an important site for where our 198 
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muscle fibres get their ‘blueprint’ to transcribe genes in the nucleus. The molecular information from 199 
our DNA is then transcribed and translocates out of the nucleus as messenger RNA (mRNA) to 200 
synthesize corresponding proteins in the ribosome. The proteins synthesized in the ribosome are 201 
subsequently important to enable adaptation of muscle tissue such as an increase in size and 202 
function, for example, via increases in the abundance of contractile and structural proteins. Therefore, 203 
‘myo’-nuclei simply refers to nuclei that reside within muscle fibres. As we have described, muscle 204 
fibres contain many myonuclei within each fibre, however, under normal physiological conditions, 205 
adult muscle fibres cannot undergo division to create a brand-new fibre (a process termed 206 
hyperplasia) and muscle fibres are therefore deemed to be ‘terminally differentiated’. That is, muscle 207 
fibres cannot undergo mitosis that is possible in cells containing a single nucleus. Given muscle fibres 208 
adapt positively to exercise, this begs the question, how is the adaptation of skeletal muscle achieved 209 
without being able to add new fibres? This is in part due to a resident muscle-specific adult stem cell, 210 
initially identified by Alexander Mauro and Bernard Katz in frog muscle (13, 14). Since their initial 211 
discoveries, these cells are often referred to as ´satellite´ cells, the term coined by Mauro, owing to 212 
their peripheral ‘satellite’ location between the sarcolemma and basal lamina of muscle fibres. It was 213 
later demonstrated that upon activation, these single cells can undergo cell division, particularly 214 
following a stimulus or insult such as injury or muscle damage from heavy resistance exercise, where 215 
they then migrate to the site of damage and fuse to the existing muscle fibre and contribute new 216 
myonuclei (15-23). Indeed, satellite cells are the main source of new myonuclei in muscle after 217 
exercise (24-26). Very recent data has also suggested that a small percentage (1-3%) of myonuclei 218 
can undergo a type of endoreplication within the muscle fibres (27), also perhaps contributing to an 219 
increase in myonuclei number with mechanical loading. Therefore, it would still be a general 220 
assumption that the majority of new myonuclei are incorporated into the muscle fibre via satellite cell 221 
fusion, and satellite cells are therefore considered crucial for increases in muscle size after 222 
hypertrophic stimuli. However, this assumption has proven controversial. 223 
 224 
Are new myonuclei from satellite cells required for hypertrophy? 225 
 226 
Within the field of muscle cell biology, there is controversy as to whether satellite cells are required for 227 
load or exercise-induced muscle growth. This is because some animal studies have demonstrated 228 
that satellite cells are not always required for muscle growth after exercise mimicking stimuli whereas 229 
others suggest satellite cells are important contributors to hypertrophy. Early studies attempting to 230 
address this used gamma irradiation to ablate satellite cells and provided evidence that without 231 
satellite cells there was impaired load-induced hypertrophy of skeletal muscle (28). However, the 232 
specificity of gamma irradiation on satellite cells per se led to the development of pax7 specific 233 
knockout animals, a genetic model that could specifically ablate satellite cells in muscle tissue. 234 
Indeed, John McCarthy and Charlotte Peterson’s groups reported a normal hypertrophic response 235 
after mechanical overload via synergist ablation in rodents after using this model of genetic ablation of 236 
satellite cells, suggesting that newly acquired myonuclei from satellite cells may not be essential for 237 
load-induced hypertrophy of skeletal muscle (29), at least when hypertrophy is assessed over shorter 238 
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compared with longer periods,  discussed below. However, groups attempting to repeat these 239 
experiments have demonstrated that hypertrophy was prevented when satellite cells were depleted 240 
(30). These studies have led to debates in the literature regarding methodological approaches of the 241 
models used, that still extends to recent times (31, 32).  242 
 243 
Despite this controversy, it is also now understood that myonuclei already fused into fibres can also 244 
increase their transcriptional output to serve an increase in ‘myonuclear domain’ size (33, 34). 245 
Myonuclear domain size refers to the area of cytoplasm each myonuclei serves within the muscle 246 
fibre. Therefore, hypertrophy occurring via expansion of cytoplasm around each myonucleus via an 247 
increase in its transcriptional (mRNA and/or rRNA (35)) and thus translational output, before the 248 
muscle fibres require fusion of new nuclei from satellite cells, may enable the growth of muscle 249 
without the requirement and addition of new myonuclei. This process has been described as the 250 
existing myonuclei possessing a ‘reserve’ capacity (34). Despite this, it is also the case that muscle 251 
with 50% fewer nuclei, manipulated experimentally via the use of myomaker knockout rodents that 252 
are fusion incompetent, have smaller muscles than wild-type controls (2). Also, if nuclei are depleted 253 
by 75% then muscle can become non-functional and even pathological (2). This therefore suggests 254 
that muscle fibre size during development is limited by the nuclear DNA content that is present in 255 
myonuclei and therefore the number of myonuclei in fibres is closely and positively associated with 256 
muscle size  (33, 34). It is also worth pointing out that paradigm shifting data is emerging that 257 
suggests myonuclei within fibres may not be post-mitotic and may actually replicate at low rates of 1% 258 
under normal conditions and up to 3% after synergistic ablation, where this replication may occur via 259 
endoreplication and polyploidy (27). This process perhaps thought to occur instead of normal mitosis 260 
via nuclear division and cytokinesis, where endoreplication would be required to maintain the highly 261 
organized contractile elements of skeletal muscle tissue whilst facilitating an increase in myonuclei 262 
number (27).  263 
 264 
Whether myonuclear replication occurs in human skeletal muscle after physiological stimuli of 265 
exercise remains unknown. Despite this, it seems that the number of satellite cells and the proportion 266 
of myonuclei number to cytoplasmic volume are important determinants of muscle size and as well as 267 
maintenance of its structure and function. Indeed, the proportion of myonuclei to cytoplasm have been 268 
proposed to be a key factor in muscle fibre size increases rather than ‘more is better’, as discussed in 269 
a recent insightful review on the myonuclear domain hypothesis (36). It is also typical that animal 270 
studies investigate mechanical overload-induced hypertrophy over a period of days and it appears 271 
that if satellite cells are removed for longer periods, such as 8 weeks, then the replacement of 272 
myonuclei is likely to be impaired and the muscle can become fibrotic (37). This is presumably due to 273 
a lack of satellite cells undergoing myogenesis contributing to the production of contractile proteins 274 
and instead infiltration and production of excessive extracellular matrix (ECM) proteins by fibroblasts. 275 
In support of these studies, other groups also suggest that the inability of satellite cells to fuse (in 276 
myomaker knockout mice) leads to fibrosis after synergistic ablation-induced hypertrophy (38). The 277 
same occurs when satellite cells cannot fuse following high intensity exercise (that usually causes 278 
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hypertrophy) and results in impaired muscle function and exercise intolerance (39). Further, satellite 279 
cells, even in the absence of fusion, have been demonstrated to communicate to interstitial fibrogenic 280 
cells and the muscle fibres themselves to co-ordinate proper ECM deposition and muscle fibre 281 
remodeling in response to hypertrophic stimuli. This may further suggest an important role for satellite 282 
cells in muscle ECM and fibre remodeling even when they do not fuse to muscle fibres (40, 41). 283 
Indeed, in pax7 knockout rodents that deplete satellite cells, even though some hypertrophy does 284 
occur following 4-8 weeks progressive weighted wheel running (PoWeR) in rodents, hypertrophy is 285 
blunted compared with conditions where satellite cells are present (35). Further, transcriptional 286 
profiling also demonstrates several gene networks that are altered in the absence of satellite cells, 287 
and ultimately growth and adaptation are blunted after 4-8 weeks of exercise (35). Overall, these 288 
studies suggest that satellite cells are probably required to maintain any longer-term increases in 289 
muscle size and function following load induced growth or exercise. Finally, it is also worth noting that 290 
most of the studies in this area have been in rodents, where human muscle fibres, on average, are 291 
larger (mean fibre area approximately 4,500 µm2) compared with mouse muscles (mean fibre area of 292 
approximately <1,500 µm2). Studies in humans have suggested that growth of larger fibres compared 293 
with smaller fibres seems to be more dependent on satellite cells as the muscle increases in size, 294 
whereas hypertrophy of smaller fibres may be more associated with changes in myonuclear domain 295 
size (42, 43). Indeed, it has been demonstrated that the increase in size of small muscle fibres 296 
(2,000–4,000 µm2) in humans after 12 weeks of resistance training was correlated with an increase in 297 
myonuclear domain, whereas an increase in the size of the largest muscle fibres (8,000–10,000 µm2) 298 
correlated with an increase in myonuclear number (42, 43). This therefore supports the notion 299 
discussed above regarding a ‘reserve’ capacity, where existing myonuclei increase their 300 
transcriptional and translational output up to a certain myonuclear domain ceiling size, meaning 301 
hypertrophy can occur in small fibres without the need for accretion of myonuclei from satellite cell 302 
fusion, whereas growth in larger fibres following resistance exercise in humans may require accrual of 303 
new myonuclei.  304 
 305 
How is the controversy over the importance of satellite cells in hypertrophy relevant to muscle cell 306 
memory? 307 
 308 
It is important to discuss the controversy outlined above, as the understanding of the limitations within 309 
the satellite cell biology field extends to studies investigating muscle cell memory. This is because, if 310 
satellite cells (or even a small contribution of new myonuclei from endoreplication (27)) and therefore 311 
myonuclear accretion were not required for hypertrophy then there can essentially be no retention of 312 
myonuclei to form a cellular memory of earlier hypertrophy. However logically, and supported by 313 
experiments, when satellite cells are present (and not depleted) then myonuclear accretion tends to 314 
occur. Indeed, some studies using synergistic ablation in rodents have demonstrated that increases in 315 
the number of myonuclei occurring in the mouse EDL muscle are retained (i.e., myonuclei number 316 
remains elevated) during a subsequent period of muscle atrophy caused by denervation (44), and that 317 
progressive weighted wheel running (45) and progessive loaded ladder climbing in rodents (46, 47) 318 



Invited Review – AJP Cell Physiology 

 9

also evokes and increase in muscle size and myonuclear accretion. With recent meta-analysis 319 
showing that, on average, across experimental models of hypertrophy in rodents, myonuclear 320 
accretion increased by approximately 23% after the initial loading stimuli and that myonuclear 321 
accretion is increased on average about 9% after training in humans (48). Therefore, it seems clear 322 
that myonuclear accretion occurs in most animal models of hypertrophy (syngergist ablation, ladder 323 
climbing, weighted wheel running) and in humans after resistance training at least from these recent 324 
meta-analyses. Perhaps the controversy that lies in the muscle memory field is whether newly 325 
accrued myonuclei are retained or lost after a subsequent period of muscle loss following the earlier 326 
growth period. As discussed above, studies have suggested that newly accrued myonuclei after 327 
testosterone treatment maybe retained during subsequent testosterone abstinence (5), and increased 328 
myonuclei following mechanical overload in mice were also retained during a subsequent period of 329 
denervation-induced muscle atrophy (44). It therefore seems that experiments using testosterone and 330 
synergist ablation to evoke hypertrophy may lead to the retention of myonuclei that are not lost during 331 
periods of atrophy. However, the main limitation of these models is whether the supraphysiological 332 
hormonal stimuli of testosterone or synergistic ablation in rodents translates to the physiological 333 
response to exercise in human skeletal muscle. Therefore, studies using more physiologically 334 
relevant models of exercise induced hypertrophy such as PoWeR in mice have demonstrated that the 335 
myonuclei accreted from weighted wheel running were not retained after a period of subsequent 336 
detraining (45). This model of weighted wheel running evokes a hypertrophic response in 337 
predominantly oxidative fibre types. Therefore, this type of exercise may not be entirely representative 338 
of hypertrophy that occurs in faster fibre types after higher load resistance exercise. To address this, 339 
a recent study utilised a physiologically relevant resistance exercise protocol in rodents to assess 340 
whether any enhancements in muscle mass were associated with an increase in the number of 341 
myonuclei after the initial training period, and if these were retained or lost following a subsequent 342 
period of detraining (46). In this study, rats underwent 8 weeks of progressive loaded ladder climbing. 343 
This included 3 sets of 5 reps starting at 50% of body weight that gradually increased to 300% of body 344 
weight, twice per day, every third day for 8 weeks (46). This training period was then followed by 20 345 
weeks of detraining and finally another 8 weeks of retraining (46). As with the previous studies, 346 
myonuclei were accrued with training and importantly the authors demonstrated that the number of 347 
myonuclei were retained even throughout detraining, supporting the cellular muscle memory 348 
hypothesis in a physiologically relevant model of hypertrophy in rodents. In this study however, there 349 
were no larger increases detected in all measures of muscle size after later retraining (i.e., CSA and 350 
absolute mass). However, the authors did report that relative muscle mass was enhanced after later 351 
retraining (46). In further support of these data, a study utilised a 5 week ladder climbing protocol in 352 
rats, followed by 10 weeks of detraining and then a further 2 weeks retraining (using either ladder 353 
climbing or mechanical overload/synergist ablation) resulting in increased muscle size and myonuclei 354 
number after training that were retained during detraining even when muscle mass returned to pre-355 
training levels (47). Interestingly, although the increase in muscle size after the later retraining did not 356 
reach the same levels as the earlier training period, perhaps due to the shorter retraining period 357 
compared to initial training, there was an even greater increase in myonuclei number after retraining 358 



Invited Review – AJP Cell Physiology 

 10

(47). The authors therefore concluded that the earlier training produced a retained myonuclear 359 
number during detraining that was ‘boosted’ in response to later retraining. A caveat with both of the 360 
above rat studies is that the first training periods are undertaken in juvenile rodents, and therefore 361 
whilst this provides evidence of mynonuclear retention following early life exercise, it would be 362 
important to perhaps confirm this in adult rodent muscle using the same physiologically relevant 363 
models of hypertrophy. To summarise, many of the animal models that use more physiologically 364 
relevant exercise training regimes of higher load resistance training have demonstrated cellular 365 
memory by myonuclear accretion and retention in muscle tissue. 366 
 367 
Is there a cellular muscle memory in humans after training? 368 
 369 
Given the rodents studies discussed above, the next logical question is whether the same retention of 370 
myonuclei occurs in human muscle following a period of training and detraining, and whether this is 371 
associated with enhanced adaptation to later retraining. The first work in humans to begin to address 372 
this question demonstrated that 3 months of resistance training (3 times/week) increased muscle fibre 373 
size and satellite cell number (49), where the increase in satellite cell number remained elevated for 374 
10 days even after exercise cessation and detraining. However, by 90 days post-detraining, satellite 375 
cell number had returned to baseline levels (49). Therefore, suggesting that there was a retention of 376 
the increased number of satellite cells after training, however, that this was not the case for longer 377 
periods of 90 days. It is important to highlight that the authors did not report the number of myonuclei 378 
in this study, where some of the increased number of satellite cells may have subsequently be 379 
incorporated into the muscle fibres to serve as myonuclei. The most relevant and recent study to 380 
address whether a cellular memory of hypertrophy exists in human skeletal muscle was a 381 
collaborative venture by Niklas Psilander, Kristian Gundersen and Truls Rastaad’s laboratories (50). 382 
In this study, myonuclei number was assessed in the quadriceps muscle before and after 10 weeks of 383 
resistance training. The training consisted of 3 times per week unilateral leg extension and leg press 384 
exercise at 70–85% 1RM with the non-exercise leg serving as a contralateral control limb. After the 385 
initial training period, participant underwent 20 weeks of detraining, followed by 5 weeks of bilateral 386 
retraining (50). Myonuclei number and fibre volume were not altered after the first training period, 387 
despite an increase in overall muscle size and strength, suggesting that the initial training period did 388 
not adequately induce the expected adaptation to assess properly if there was a cellular memory from 389 
the earlier training into the later detraining and retraining periods (50). These findings, together with 390 
the accessibility of the raw data, meant that others were able to reanalyse the data set and publish 391 
their own interpretations of this study as a viewpoint article in the Journal of Applied Physiology (51). 392 
The debates in the results gained further traction across the scientific community where several 393 
expert muscle scientists published their comments in the same issue (52). However, due to the 394 
findings in the original study and the various controversies, it was therefore not possible to decisively 395 
conclude whether a cellular memory via retention of myonuclei occurs in human muscle after 396 
resistance training.  397 
 398 
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Other recent studies with similar designs have also been conducted in elderly humans following 12 399 
weeks of progressive resistance training followed by the same period of detraining and retraining (53). 400 
The authors investigated myonuclei alterations to identify if there was evidence of a cellular muscle 401 
memory in this older population (53). In this study, resistance training did not significantly increase 402 
myonuclear number in either type I or type II fibres. Albeit on an individual level, a small number of 403 
individuals increased myonuclei number, while others demonstrated no change, and some even 404 
demonstrated a reduction in myonuclei. However, the study did demonstrate the detraining period 405 
evoked a significant decrease in myonuclear number in both type I and type II fibres. Something that 406 
had been observed previously in type II fibres during longer periods of detraining (1 year) in elderly 407 
individuals (54). Then, in the same study after a subsequent period of retraining there was a 408 
significant increase in myonuclear number, yet in type II fibres only. These findings therefore 409 
demonstrated an exaggerated response for myonuclei accrual during retraining in type-II fibres 410 
perhaps due to earlier training, albeit the initial training itself did not evoke a significant average 411 
increase in myonuclei nor a retention of myonuclei following detraining across the entire group. This 412 
suggests, in an elderly population, that the significant loss of myonuclei during the detraining period 413 
also could provide a stimulus for the enhanced myonuclear accretion during later retraining and this 414 
response preferentially occurred in type II muscle fibres in elderly individuals. Consequently, this 415 
study was unable to determine whether there was a positive memory of training in elderly human 416 
skeletal muscle due to the lack of response during the initial training period, however, was able to 417 
demonstrate enhanced myonuclear accrual after encountering a negative stimulus of detraining.  418 
 419 
Overall, there are very few human studies and those that have been conducted contain few 420 
participants, therefore demonstrating large variability in the myonuclear responses to training. 421 
Subsequently, this has made it difficult to firmly conclude whether a cellular muscle memory occurs in 422 
human skeletal muscle. Furthermore, these studies highlight there may be different myonuclear 423 
response to training, detraining, and retraining between young and elderly individuals. Despite this, a 424 
recent meta-analysis encompassing all the currently available human exercise and myonuclei-related 425 
studies detected a significant 9% increase in myonuclei number after training. However, as suggested 426 
above, due to the low participant numbers coupled with the heterogenous responses to training, it 427 
was not possible to detect whether a retention of myonuclei during detraining exists (48). Therefore, 428 
larger human studies across age are required in the future to conclude whether human muscle 429 
possesses a cellular memory of earlier training. 430 
  431 
Limitations of experimental models and cross species comparisons in muscle cell memory research 432 
 433 
The discrepancies in myonuclei accretion across rodent and human studies alluded to in the recent 434 
meta-analysis (48) suggests there is a 2.6 magnitude larger response in the accrual of new myonuclei 435 
after loading stimuli in rodents (+23%) compared to after training stimuli in humans (+9%). One 436 
explanation may be that typical rodent models of exercise-induced hypertrophy are often more 437 
extreme models amongst more genetically similar rodents compared to resistance exercise in 438 
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humans with a varied genetic background, leading to heterogenous hypertrophic and associated 439 
myonuclei response. Therefore, whether myonuclear accretion and retention is due to a true cell 440 
memory mechanism or influenced more strongly by loading procedure influencing the magnitude of 441 
hypertrophy, the rate of myonuclear accretion between species, or the heterogeneous of response in 442 
humans, is yet to be fully unravelled. The same meta-analysis also demonstrated that rodents can 443 
lose 6.6% of their myonuclei during detraining after gaining 23% in response to initial training period 444 
(48), suggestive that some, but not all myonuclei are retained after training in rodents. Furthermore, 445 
atrophic stimuli in rodents causes a loss of myonuclei at different rates across divergent muscle 446 
groups. Where the gastrocnemius and plantaris lose their myonuclei after atrophy, other muscles that 447 
are more resistant to muscle loss stimuli such as the soleus do not lose their myonuclei, perhaps 448 
further suggestive that fibre type can influence the extent to which myonuclei are retained or lost (48). 449 
Most human studies are exclusively undertaken in the vastus lateralis muscle of the quadriceps. 450 
Therefore, it is difficult to assess whether myonuclear loss or retention varies across muscles 451 
composed of different fibre type proportions. Therefore, a deeper investigation of the fibre type-452 
specific changes in myonuclei in humans is warranted. Finally, research investigating whether 453 
myonuclei are lost or retained during atrophy is highly controversial, casting further complexity on the 454 
interpretation of myonuclear retention and loss.  455 
 456 
What happens to myonuclei if they are lost during atrophy? 457 
 458 
Studies that have used synergistic ablation to evoke hypertrophy in rodent EDL muscle have 459 
demonstrated that increases in myonuclei number are retained and not lost during a subsequent 460 
period of muscle atrophy caused by denervation (44). Despite these interesting findings, these data 461 
have been criticised for the use of denervation as the model of muscle loss, where removing or 462 
severing the nerve is a severe way of inducing rapid atrophy, where in recent meta-analyses satellite 463 
cell number has been demonstrated to either decrease or increase in response denervation in 464 
divergent rodent muscle groups (48). For example, the EDL and TA muscle may increase satellite cell 465 
content compared with other muscles such as the soleus muscle that reduce their satellite cell 466 
number in response to atrophy (48). Therefore, at least in the EDL muscle, it is perhaps difficult to 467 
distinguish whether myonuclei have been retained from the overload period or whether the 468 
denervation has helped keep satellite cell number high, and therefore helped maintain myonuclear 469 
number. Despite this, a study using both denervation (nerve severing) and tetrodotoxin (TTX)-induced 470 
atrophy (a model of disuse via release of TTX neurodetoxin to the nerves that silence neural input to 471 
the hindlimb muscles), both demonstrated no loss of myonuclei using a sophisticated and direct 472 
observation technique of single fibre lapse imaging (55). Using TUNEL labelling these studies 473 
suggested there was no apoptosis in myonuclei, that was already theoretically problematic to 474 
hypothesise in multinucleated fibres, as nuclei would have to undergo programmed cell death without 475 
cell disintegration. This was further supported in the same study, that demonstrated there was 476 
apoptosis in single celled populations of stomal and satellite cells in response to denervation and 477 
TTX-induced atrophy, but not in myonuclei (55). Presumably because these types of single cells can 478 
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undergo programmed cell death and cell disintegration. Therefore, these later studies support the 479 
notion that myonuclei are not lost and that they can be retained even during atrophy. However, this 480 
remains highly controversial and is debated extensively in the literature (56-60), with recent studies 481 
suggesting that myonuclear apoptosis can occur after hindlimb unloading in rodents via elevated 482 
DNase X in myonuclei leading to DNA fragmentation and degradation (61). It may also be logical to 483 
propose that the alterations in myonuclei following a period of disuse atrophy maybe quite different 484 
than those occurring after a period of detraining following an earlier period of training induced growth 485 
and myonuclear accrual. Therefore, whilst the understanding of myonuclear loss following disuse is 486 
important for understanding the mechanisms of inactivity induced atrophy, perhaps this process is not 487 
as relevant for the study of cellular muscle memory after growth, especially compared to the effect of 488 
myonuclear retention/loss during periods of detraining induced muscle atrophy after earlier training 489 
periods. However, the loss of nuclei after a period of atrophy may be relevant for muscle memory in 490 
instances where repeated encounters with muscle wasting stimuli occur. Indeed, repeated muscle 491 
wasting is a clinically relevant issue, especially in elderly populations, where after an injury and 492 
consequent disuse, individuals lose muscle and become weaker and are therefore more likely to 493 
suffer a repeated fall injury that may result in further muscle loss in the future (62). Repeated falling is 494 
then more highly associated with earlier morbidity and mortality. Therefore, whether a negative 495 
memory via loss of myonuclei after an earlier encounter with atrophy, that are perhaps not regained 496 
during recovery, leads to a greater loss of muscle mass when the same or similar atrophic stimulus 497 
occurs again later warrants future investigation.  498 
 499 
Summary of cellular muscle memory  500 
 501 
Collectively, research to date suggests that anabolic stimuli such as testosterone, mechanical 502 
overload and resistance exercise mimicking stimuli in animal models can promote the acquisition of 503 
new myonuclei, most of which may be retained (except progressive weighted wheel running) and 504 
therefore may serve to enable an enhanced response to the same or similar hypertrophic stimulus in 505 
the future. Therefore, there is evidence for cellular muscle memory in most rodent models, especially 506 
after non-physiological hypertrophy. However, it seems that there is still some controversy as to 507 
whether human muscle retains myonuclei after physiologically relevant load-induced growth such as 508 
resistance training. This is probably due to the limited human intervention studies coupled with the 509 
varied response between individuals, populations and muscle groups that have been investigated 510 
thus far. Therefore, additional training, detraining, retraining as well as atrophy, recovery, and 511 
repeated atrophy studies across larger and varied human populations in different muscles and/or 512 
fibre-types are required to conclude whether a cellular muscle memory exists in humans. 513 
 514 
Theories for the mechanistic understanding of muscle memory continued 515 
 516 
Epigenetic muscle memory: An introduction 517 
 518 
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The first to study to suggest that human skeletal muscle tissue possessed an epigenetic memory of 519 
resistance exercise-induced muscle growth was undertaken by our group in 2018 (4). The study 520 
investigated how DNA in human skeletal muscle was epigenetically modified (via DNA methylation) 521 
during a period of resistance training followed by detraining and a subsequent period of retraining. In 522 
this study, the DNA retained some of its epigenetic modifications after an earlier period of training, 523 
even into the detraining period when training was completely ceased, and lean mass returned to pre-524 
training levels. Furthermore, some of the genes that demonstrated these retained epigenetic 525 
signatures also displayed a larger magnitude of change in DNA methylation levels with later 526 
retraining, suggestive that the earlier training period ´primed´ DNA for an enhanced response after 527 
later retraining. Furthermore, these changes were also associated with the largest enhancements in 528 
transcript expression of the same genes after later retraining that corresponded to the largest 529 
increases in lean muscle mass (Figure 2). Overall, this study was the first to demonstrate that human 530 
skeletal muscle retained epigenetic modifications from earlier training that persisted into the detraining 531 
and retraining periods, and this was associated with enhancements in gene expression during later 532 
retraining. Studies have also replicated similar findings after training, detraining and retraining in 533 
rodents (6, 63) and aged humans (7), further supporting that skeletal muscle has an epigenetic 534 
memory of exercise across species and into older age.  535 
 536 
The conceptualisation of these initial studies and the role of epigenetics in muscle memory came from 537 
the wider cell biology and epigenetic fields. This included observations that muscle derived cells once 538 
isolated in vitro retain characteristics from the in vivo niche in which they were derived. To the authors 539 
knowledge, this was first shown by Professor Claire Stewart’s group, where primary skeletal muscle 540 
derived cells isolated from cancer patients exhibited inappropriate cellular proliferation compared with 541 
healthy non-cancerous aged-matched controls (64). Since these studies, the retention of cellular 542 
characteristics from the in vivo niche after isolation in vitro have also been confirmed in the physically 543 
active, diabetic, obese and elderly (reviewed in (2)). In 2016, we undertook an in-vitro study to 544 
investigate whether epigenetic muscle memory existed as a proof of principle. To do this, we exposed 545 
proliferating C2C12 muscle cells to an acute stimulus of high dose of Tumour Necrosis Factor alpha 546 
(TNF-α), previously been observed to evoke myotube atrophy in-vitro, and then performed serial 547 
passaging where the cells underwent 30 population doublings with no exogenous TNF-α present. The 548 
cells were then subjected to a later proliferative life exposure of TNF-α and allowed to differentiate (8). 549 
We observed, the cells that received the acute early proliferative life exposure to TNF-α were more 550 
susceptible to impaired differentiation and myotube formation upon the second later life exposure 551 
compared to relevant controls that had not received the early life exposure (8). Therefore, the cells 552 
seemed to retain a memory, at least at the ‘morphological’ level, of an earlier encounter with 553 
inflammation. Therefore, we became interested in the mechanisms by which this ‘morphological’ 554 
memory may occur. Meanwhile, the field of epigenetics within molecular biology was rapidly 555 
expanding and data was emerging from undernutrition studies in-utero and the resulting changes in 556 
skeletal muscle of the offspring as well as epidemiological studies in humans demonstrating low birth 557 
weight also having impairments in muscle mass and function into older age. It therefore became a 558 
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working hypothesis that environmental encounters experienced throughout life could be contributing 559 
to these observations and this could be due to epigenetic modifications, reviewed in (2, 65). We 560 
therefore investigated epigenetic modification of DNA methylation in our in-vitro muscle cell model 561 
demonstrating retained morphological memory of inflammatory cytokine TNF-α (8). Indeed, we 562 
demonstrated the cells that had received the early life dose of TNF-α exhibited hypermethylation of 563 
the crucial myogenic regulatory factor, myoD, that was then retained for 30 cellular divisions. 564 
Indicating that the cells ‘remembered’ an early acute dose (48-hour exposure) of TNF-α when 565 
exposed to the same cytokine in later life. This was then associated with increased and retained 566 
hypermethylation for 30 cellular divisions in a gene important for differentiation and myotube formation 567 
(8). These data therefore served as a proof of principle for retained epigenetic imprints in muscle cells 568 
over an extended period of time, and therefore an epigenetic muscle memory. These observations 569 
thus laid platform for investigation for the role of epigenetics in skeletal muscle memory. However, 570 
what was unknown at that time was whether human skeletal muscle in-vivo retained epigenetic 571 
modifications such as DNA methylation after either negative stimuli (muscle wasting) or positive 572 
stimuli (such as exercise).  573 
 574 
Therefore, in the remaining sections of this review on muscle memory, we will first explain what 575 
epigenetics is and summarise why it is important within the context of skeletal muscle adaptation and 576 
muscle memory. We will then provide an overview of the studies investigating epigenetic muscle 577 
memory and discuss how both the cellular and epigenetic theories of muscle memory may be 578 
integrated, and work together. Finally, this review will focus on future directions and the wider 579 
implications for muscle memory within the exercise and muscle biology field.  580 
 581 
What is epigenetics?  582 
 583 
Literally translated, ‘epi’ in Greek means ‘on top’ of genetics. Its origins can be traced to Conrad 584 
Waddington in the 1940’s who provided some of the first insights that helped define the term 585 
epigenetics. He reported that there was a close interaction between environmental encounters and 586 
underlying genetics to create a specific phenotype. For a modern day understanding of epigenetics, 587 
the field describes how our tissues and cells are exposed to various environmental encounters (e.g., 588 
diet, physical activity, alcohol, drugs) that interact with our inherited DNA sequence (without altering 589 
the sequence itself) to alter whether genes are turned on or off and to what extent this results in a 590 
change in phenotype. A clear example of epigenetics in action comes from identical twin studies 591 
(same inherited DNA), where one twin may be physically inactive and have a poor diet (environment) 592 
compared with their more active twin sibling who consumes a healthier balanced diet. Their inherited 593 
DNA sequence (genotype) is the same, however, they display very different phenotypes. Indeed, 594 
epigenome-wide studies on discordant twins (those who lived together as children but separated as 595 
adults) with different physical activity levels report vastly different epigenetic profiles in buccal cells 596 
(66). Such varied epigenetic profiles and the resultant phenotypic changes are caused by biochemical 597 
modifications on our cell’s chromatin, histones (proteins that encase the DNA) or the DNA itself, 598 
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leading to either a more ‘permissive’ or ‘repressive’ state for gene expression to occur. These 599 
modifications involve adding or removing small chemical groups such as acetyl or methyl groups to 600 
histones or methyl groups to DNA and thus alter how accessible gene regulatory regions are for 601 
transcription factors to bind DNA and regulate gene expression. These epigenetic modifications can 602 
be dynamic and alter gene expression transiently (67) and therefore are able to return to basal levels 603 
relatively quickly. However, importantly for epigenetic memory, some of these modifications can also 604 
be retained longer periods, and some modifications can even be ‘enhanced’ if they have been 605 
encountered before. Where, alluded to above, the epigenetic modification of DNA methylation in 606 
human skeletal muscle has been shown to be retained during detraining and retraining following an 607 
earlier resistance training period (4).  608 
 609 
But what are these epigenetic modifications? Currently, more than 200 modifications and their 610 
accompanying enzymes have been identified (68, 69), and the potential biochemical regulation of how 611 
these epigenetic modifications may occur in muscle following exercise have been reviewed elsewhere 612 
(70). The most common epigenetic modifications include: SUMOylation, phosphorylation, 613 
ubiquitination, acetylation, and methylation. The latter two modifications are the most studied in 614 
molecular biology, with acetylation (or deacetylation) as well as methylation (or demethylation) 615 
occurring on histones, and methylation occurring on DNA itself. In this review, DNA methylation will 616 
be the epigenetic modification of focus, as there have been no studies to date investigating retained 617 
methylation or acetylation/deacetylation imprints on histones in field of skeletal muscle memory.   618 
 619 
What is DNA methylation and how does it occur? 620 
 621 
DNA methylation is the biochemical attachment of a covalent methyl (CH3) group to the 5th position of 622 
the pyrimidine ring of a cytosine (C) nucleotide, resulting in 5-methylcytosine (5mC). This typically 623 
occurs on the cytosine (C) nucleotide where it is followed by a guanine nucleotide (G) that is 624 
separated by a phosphate (‘p’) group within the same strand of DNA. Therefore, this position is called 625 
a CpG site. Approximately 1% of the human genome contains CpG sites with approximately 28 million 626 
CpG sites over the entirety of our DNA (71, 72). Clusters of CpG sites within a short chromosomal 627 
region are called CpG islands, and these occur more frequently in gene regulatory regions such as 628 
promoters, enhancers and silencing regions involved in the initiation, activation, or suppression of 629 
gene expression respectively (73). The addition or increase in CH3 methyl groups to CpG sites when 630 
investigating changes in methylation (termed ´differential methylation´), is commonly referred to as 631 
´hyper´-methylation. In contrast the removal of the CH3 methyl group from cytosine nucleotides results 632 
in 5-hydromethylcytosine (5-hmC) and therefore demethylation, also known as ´hypo´-methylation. 633 
Specific enzymes are required to promote, maintain, or remove methyl groups and are referred to as 634 
writers, readers and erasers respectively (reviewed in (70)). It’s the DNA methyltransferases 635 
(DNMTs), specifically DNMT3a, DNMT3b and DNMT1 that promote DNA methylation or 636 
hypermethylation (74). Where DNMT3a and 3b are important for de novo or ‘new’ methylation, and 637 
DNMT1 is responsible for maintaining methylation during cell division (75, 76). Alternatively, enzymes 638 
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known as the ten-eleven translocation (TET) enzymes (TET1, 2 and 3) remove methyl groups and are 639 
therefore responsible for demethylation or hypomethylation. 640 
 641 
Why do DNA methylation modifications lead to changes in gene expression?  642 
 643 
DNA methylation leads to changes in gene expression when the presence of CpG methylation 644 
recruits CpG methyl binding proteins that inhibit the transcriptional machinery (including transcription 645 
factors and RNA polymerase) and subsequently blocks gene transcription (77). Further, the presence 646 
of methylation can lead to the recruitment of proteins that leads to a tightening of the adjacent 647 
chromatin that impairs the transcriptional process (78). Whereas, removal of methylation causes a 648 
loosening of the adjacent chromatin, enabling gene expression to occur. This is most prominent if 649 
DNA methylation occurs in promoter or enhancer regions of the gene, where CpG islands are more 650 
prevalent. Therefore, this means that there is more likely to be (albeit not exclusively) an inverse 651 
relationship between methylation status and gene expression, where increased methylation leads to 652 
reduced gene expression and reduced methylation leads to increased gene expression. It is important 653 
to note however, that the opposite correspondent trend (positive association) between methylation 654 
and gene expression is more likely if methylation occurs in gene silencing regions. Furthermore, the 655 
complexity of DNA methylation really becomes apparent, when gene body methylation in non-656 
regulatory regions has also been associated with altered transcription of the corresponding genes 657 
(79-81), where intragenic 5mC correlates with transcriptional strength (82). However, high methylation 658 
in these regions can also slow down elongation (83). Recent studies have also demonstrated that the 659 
presence of intragenic methylation (that is dependent on DNMT3b activity) protects the gene body 660 
from spurious entry of RNA polymerase II and inappropriate initiation of transcription. Therefore, this 661 
helps transcriptional fidelity via crosstalk between DNA methylation and histone H3K36 methylation 662 
(84). Conversely, TET3, which demethylates DNA via oxidizing 5-methylcytosine to 5-663 
hydroxymethylcytosine (5hmC) can also prevent inappropriate intragenic entry of RNA polymerase II 664 
into highly expressed genes, therefore allowing continued transcription initiation at canonical start 665 
sites (85). Finally, DNA methylation can also regulate alternative splicing by impacting the inclusion of 666 
exons (86), thus perhaps also influencing the levels of transcript variants and ultimately protein 667 
isoforms. 668 
 669 
DNA methylation and epigenetic memory in human skeletal muscle 670 
 671 
To investigate whether young human skeletal muscle has an epigenetic memory of exercise-induced 672 
muscle growth, genome-wide DNA methylation (methylome) analysis (850K CpG sites) of whole 673 
human muscle tissue derived from the vastus lateralis (quadriceps) muscle was performed after 7 674 
weeks of resistance training (3 days/week), 7 weeks of detraining (where participants returned to 675 
normal habitual physical activity) and another 7 weeks of training (or retraining) (4, 87). Targeted 676 
gene expression analysis of the genes that had the most significantly differentially methylated 677 
positions (DMPs) on CpG sites enabled validation of the DNA methylation data at the gene 678 
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expression level. Both gene expression and DNA methylation was also undertaken after an acute 679 
resistance exercise bout in the same participants before they subsequently completed the training, 680 
detraining and retraining intervention. It became immediately apparent that resistance exercise was a 681 
predominantly hypomethylating stimulus across the genome after an acute bout of exercise (4), 682 
something that had previously been demonstrated in candidate genes after acute endurance exercise 683 
(88), yet not after resistance training and confirmed across the methylome. Subsequent analyses has 684 
also demonstrated similar findings across the methylome after acute and chronic resistance exercise 685 
in humans (4, 89-91), after synergist ablation (in rodents) (92), acute high intensity/sprint interval 686 
exercise in humans (93), and after acute and chronic aerobic exercise in humans (10, 88). Indeed, 687 
after chronic resistance training, we demonstrated that the number of hypomethylated DMPs were 688 
greater than the number of hypermethylated DMPs after the first period of 7 weeks of resistance 689 
training, where there were also significant increases in lower limb lean mass. Interestingly, the 690 
number of hypo and hypermethylated positions remained similar even during detraining when 691 
exercise was ceased, and lean muscle mass returned to pre-training (baseline) levels. Subsequently, 692 
after the later retraining period, the number of hypomethylated DMPs more than doubled compared to 693 
the earlier training period that was associated with the same magnitude (a doubling) increase in lean 694 
mass after retraining compared with the earlier period of training (4). This was suggestive of an 695 
enhanced number of CpG sites that were hypomethylated after later retraining as consequence of 696 
having undertaken an earlier period of training. This enhancement in the number of hypomethylated 697 
DNA sites after later retraining has now also been confirmed in a separate cohort of young adults 698 
after a period of resistance training, cast immobilisation and retraining as well as in elderly individuals 699 
after training, detraining and retraining (7). Following this initial analysis, the most significant DMPs 700 
and their distinct temporal signatures over the period of training, detraining, and retraining were 701 
assessed. Two distinct temporal methylation signatures identified suggested there was an epigenetic 702 
memory of these genes. The first signature included genes that were hypomethylated after the initial 703 
encounter with training-induced hypertrophy, where these CpG sites retained a hypomethylated 704 
profile even during complete exercise cessation and lean mass returning to pre-training levels during 705 
the detraining period (Figure 2). Furthermore, hypomethylation of these genes then continued 706 
throughout retraining, where some genes even possessed enhanced hypomethylation after retraining 707 
compared with earlier training. At the gene expression level, a subset of these genes (AXIN1, GRIK2, 708 
CAMK4, TRAF1) also demonstrated increased gene expression after the first period of training. 709 
Fascinatingly, during detraining where hypomethylation was retained, gene expression also remained 710 
elevated, despite the participants undertaking no exercise and lean leg mass returning to pre-training 711 
levels. Then in the retraining period, the genes with continuing and increased hypomethylation also 712 
demonstrated enhanced gene expression (4) (Figure 2). Therefore, this gene profile indicated that 713 
human muscle possessed an epigenetic memory at the DNA methylation level of previous training-714 
induced growth due to the retention of DNA methylation throughout detraining that led to larger 715 
hypomethylation and enhanced gene expression after later retraining in this subset of genes. The 716 
second temporal epigenetic and gene expression signature in another subset of genes (UBR5, 717 
RPL35a, HEG1, PLA2G16, SETD3) also demonstrated hypomethylation and enhanced gene 718 
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expression following training. However, in opposition to the first temporal profile defined above, both 719 
DNA methylation and gene expression returned to baseline levels during detraining. Therefore, there 720 
was no retained hypomethylation or gene expression levels during this period. Despite this, these 721 
genes then displayed an even greater hypomethylation during later retraining compared to the earlier 722 
training period and further enhancements in gene expression after retraining compared to the initial 723 
training (4) (Figure 2). This also suggested that due to being hypomethylated during the earlier 724 
training (even despite returning to baseline methylation levels during detraining) these genes 725 
demonstrated even greater hypomethylation during retraining. Finally, genes GRIK2, TRAF1, BICC1, 726 
STAG1 demonstrated hypomethylation even after a single acute bout of resistance exercise, and then 727 
retained this hypomethylation after the entire 21-week intervention with these genes demonstrating 728 
largest enhancements in gene expression during the retraining period. These CpG sites and genes 729 
were therefore dynamically and sensitively altered even after a single bout of resistance exercise and 730 
were maintained for a long period of approximately 5 months (4).  731 
One of the limitations of this work was that gene expression was assessed at the targeted and not 732 
transcriptome-wide level that would otherwise enable the identification of all genes that changed at 733 
the epigenetic as well as the transcriptomic level. To address this, the epigenetic memory profiles 734 
were overlapped with gene expression changes across the human transcriptome (89). By integrating 735 
over 110 and 181 publicly available human skeletal muscle transcriptomes after both acute and 736 
chronic resistance training, respectively, this study was able to identify the degree of overlap between 737 
the methylome and transcriptome and run a more integrated pathway analysis indicating the gene 738 
pathways that were enriched for both differential methylation and gene expression. From these 739 
genes, the number that demonstrated retained methylation during detraining and enhanced gene 740 
expression during later retraining were predicted. A larger proportion of approximately 31% and 32% 741 
of the upregulated genes at the transcriptome level after acute and chronic RE respectively, were 742 
hypomethylated compared with 23% and 22.7% of genes that were downregulated and 743 
hypermethylated after acute and chronic RE, respectively (89). Pathway analysis suggested that the 744 
genes with differential methylation and altered gene expression were enriched in both methylome and 745 
transcriptome data for many growth-related pathways related to matrix and actin structure/function 746 
and remodelling, mechano-transduction, including PTK2/Focal Adhesion Kinase/FAK and 747 
Phospholipase D (following chronic resistance exercise only), TGF-beta signalling and protein 748 
synthesis (GSK3B after acute resistance exercise only), all of which have important functions in 749 
skeletal muscle mass regulation (89). Other studies have also confirmed that an acute bout of 750 
resistance exercise in trained men evoked enrichment of differential methylation in similar pathways 751 
of focal adhesion, PI3K-Akt signalling, TGF-beta and MAPK signalling (90) as well as the mTOR 752 
pathway after synergist ablation in mice (92). Resistance training, detraining and retraining in elderly 753 
individuals also led to enriched methylation and gene expression in similar pathways (7). Indeed, 754 
Sexton et al., (90) were able to provided more insights into the temporal regulation of alterations in 755 
DNA methylation that precedes corresponding alterations in gene expression. To achieve this, the 756 
authors analysed the methylome and transcriptome at both 3 and 6 hours post an acute resistance 757 
exercise bout. At the pathway level there was a more concordant overlap of the same genes with the 758 
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3 hour DNA methylation changes and the gene expression at 6 hours, compared with DNA 759 
methylation and gene expression investigated at the same time point of 3 hrs or 6 hours (90). 760 
Suggesting there was a more prominent degree of overlap between the genes demonstrating 761 
methylation changes at 3 hours that also exhibit alterations in transcription at 6 hours after an acute 762 
bout of resistance exercise. Finally, by integrating the methylome and publicly available transcriptome 763 
after acute and chronic resistance exercise in the study discussed above (89). We were able to track 764 
the genes that were differentially methylated and expressed after acute and chronic resistance 765 
exercise across the genome and then identify which of these genes exhibited an epigenetic muscle 766 
memory profile after resistance training, detraining, and retraining. This led to the identification of an 767 
additional 51 genes that were differentially methylated and expressed after acute and chronic 768 
resistance exercise and training, respectively (89), and importantly that also demonstrated 769 
significantly altered methylation into the detraining and retraining periods (4). With 5 of these genes: 770 
FLNB, MYH9, SRGAP1, SRGN and ZMIZ1 demonstrating the temporal epigenetic memory profile as 771 
defined above (4), that of; retained hypomethylation into detraining after earlier training. From these 5 772 
genes, Filamin B (FLNB) was increased at the gene expression level after acute and chronic 773 
resistance exercise and remained elevated after detraining and retraining where the gene remained 774 
as hypomethylated even during exercise cessation (detraining) (89). Increases in Filamin B 775 
expression were only statistically significant after the acute resistance exercise, perhaps due to the 776 
lack of RNA from all subjects meaning a smaller subset of participants from the original study could 777 
be analyzed. Despite this, the role of Filamin B requires more attention given the role of the filamin 778 
gene family as actin crosslinkers, and that Filamin A and C have been investigated following 779 
endurance and resistance exercise, respectively (94, 95), as well as being associated with autophagy 780 
in skeletal muscle (95). Overall, there is limited information regarding the role of Filamin B in the 781 
regulation of muscle mass and given its retained hypomethylation profile, Filamin B requires attention 782 
to confirm its role in epigenetic muscle memory.  783 
 784 
Role of the identified epigenetic memory genes 785 
 786 
Despite the discovery of the genes that have epigenetic memory profiles, the characterisation of these 787 
genes in the regulation of muscle memory after exercise-induced hypertrophy remain largely 788 
undetermined. To begin to unravel the deeper mechanisms of epigenetic muscle memory, one gene, 789 
UBR5, that was identified from the initial studies (4) has been investigated in more detail. UBR5 was a 790 
gene that demonstrated hypomethylation after training, where methylation returned to baseline levels 791 
during detraining and displayed enhanced hypomethylation and gene expression after retraining in 792 
human skeletal muscle (4). This previously uncharacterised gene in muscle was of particular interest, 793 
as UBR5 is an E3 Ubiquitin ligase that was positively correlated with increasing lean leg mass after 794 
training, detraining and retraining in humans as depicted in the second temporal profile described 795 
above (see Figure 2) (4). E3 Ubiquitin ligases have well-defined roles of ‘tagging’ proteins for 796 
degradation in the proteosome are therefore typically associated with skeletal muscle atrophy and not 797 
hypertrophy. For example, the well-characterised protein degradative E3 Ubiquitin ligases, MuRF1 798 
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and MAFbx, are primarily involved in degradation of muscle-specific proteins across a wide range of 799 
atrophy conditions, reviewed recently in (96). Therefore, the characterisation of UBR5 in skeletal 800 
muscle mass regulation required attention due to its associated role in hypertrophy and muscle 801 
memory. Indeed, further studies confirmed the role of this gene as a positive regulator of skeletal 802 
muscle hypertrophy and recovery from atrophy across various mammalian species in vivo and in vitro, 803 
as well as having an alternate regulation to MuRF1 and MAFbx after hypertrophy stimuli (97). To 804 
further confirm its mechanistic role, muscle-specific knock-down of UBR5 using electroporation of 805 
UBR5 RNAi in mice was undertaken that resulted in atrophy (98). This further confirmed that the 806 
presence of UBR5 is important for maintaining muscle mass. Other data in humans has also 807 
suggested that the A alleles of the rs10505025 and rs4734621 SNPs that affect the expression of the 808 
UBR5 gene, according to the Gene Tissue Expression (GTEX) project, were strongly associated with 809 
larger fast-twitch muscle fibres and strength/power performance versus endurance status in athletes 810 
(97). Therefore, again pointing to an important role for UBR5 in regulating muscle mass potentially in 811 
the larger faster fibres associated with greater athletic performance. Importantly, the same epigenetic 812 
memory profile, as described above for UBR5 (in the same UBR5 CpG site) was also confirmed in 813 
skeletal muscle within an independent study of young adults after a period of resistance training, cast 814 
immobilisation and later retraining (7). Overall, these data suggest that UBR5, first identified as an 815 
epigenetic muscle memory gene in human muscle, is an important regulator of muscle mass and 816 
indicates that there is a more complex interplay within the family of Ubiquitin E3 ligases, where 817 
despite their protein degradative role (e.g., MuRF1 and MAFbx), a subset of these ligases may also 818 
play a role in positively regulating muscle mass. Whilst speculative, this maybe because E3 ubiquitin 819 
ligases, such as UBR5, may instead destabilise proteins considered to be negative regulators of 820 
muscle mass such as PP2Ac (98). Despite these advances and insights so far, it is still necessary to 821 
mechanistically confirm the role of UBR5 in muscle memory by experimental manipulation (i.e., 822 
knockdown or overexpression) of this gene in a model of training, detraining and retraining to confirm 823 
its role in muscle memory.  824 
 825 
Epigenetic muscle memory in aging skeletal muscle 826 
 827 
An epigenetic memory has now also been demonstrated in aged human muscle tissue, where a 828 
similar model of 12 weeks training, detraining, and retraining has been undertaken in elderly 829 
individuals whilst investigating both the methylome and transcriptome in comparison with young 830 
adults undergoing a period of 12 resistance training, 2 cast immobilisation and a further 12 weeks of 831 
resistance retraining (7). In this study, there was a larger number of hypomethylated versus 832 
hypermethylated sites after both training periods with an even greater hypomethylated profile after 833 
retraining versus the initial training period across both young and old muscle (7), the same profile 834 
observed previously in young adult human muscle (4). Interestingly however, there was a greater 835 
hypermethylation after 12-week detraining in the elderly and 2 weeks cast immobilization in young 836 
muscle (7), that was different to the similar number of hypermethylated and hypomethylated sites 837 
after 7 weeks detraining in young adults in the earlier study (4). One explanation for this, could be that 838 
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2 weeks cast immobilization was a more aggressive negative insult in young adult muscle and a 839 
longer 12-week detraining period in older muscle was perhaps already on a background of 840 
hypermethylation (99), thus perhaps evoking even greater hypermethylation compared to 7 weeks 841 
detraining in young muscle (4). This latest study in young and elderly muscle also identified two 842 
interesting genes with respect to epigenetic muscle memory that displayed retained epigenetic 843 
profiles during the detraining/cast immobilisation periods. In the older men after training, the Vinculin 844 
(VCL) gene within the focal adhesion pathway (a pathway that also demonstrates enriched differential 845 
methylation after resistance exercise (4, 89, 90)), was hypomethylated after training, and then 846 
retained a hypomethylated during immobilisation and retraining, with the largest increase in gene 847 
expression occurring after retraining (7). Therefore, Vinculin tracked one of the same temporal 848 
epigenetic memory profiles identified in earlier studies described above (4) (Figure 2). At the protein 849 
level, Vinculin is an important structural component of the costamere (100), and connects the 850 
sarcomere to the cell membrane to stabilize muscle fibres during contraction. It is also crucial for 851 
mechano-transduction (101, 102) and is increased at the muscle gene expression level following 852 
chronic stimulation and disuse (103). It therefore appears focal adhesion pathway genes enriched at 853 
the differential methylation level after resistance training and retraining, including VCL (and FLNB 854 
discussed above), demonstrate an epigenetic memory. Given these genes roles in mechano-sensing 855 
and muscle mass regulation, their enhanced hypomethylation and gene expression during retraining 856 
maybe closely linked to the larger increases in muscle mass observed during later retraining. A 857 
second gene, AMOTL1, also demonstrated retained hypomethylation after training into immobilisation 858 
in younger men with enhanced hypomethylation into retraining (7). Importantly, this temporal 859 
response of AMOTL1 confirmed the same profile previously identified in younger men after resistance 860 
training, detraining, and retraining (4). AMOTL1 is important for activating YAP1 (an important gene 861 
within the mechano-sensitive YAP/TAZ pathway) enabling activation and proliferation of satellite cells 862 
(104). Therefore, AMOTL1 has now been confirmed as an epigenetic memory gene in two 863 
independent studies in human skeletal muscle and has a pre-established role in skeletal muscle, 864 
therefore should be investigated further for its mechanistic role in regulating epigenetic muscle 865 
memory.  866 
 867 
Is there an epigenetic muscle memory to different types of exercise? 868 
 869 
To date, epigenetic muscle memory has only been observed after resistance exercise. With aerobic 870 
training, detraining and retraining unable to demonstrate retained transcript expression levels during 9 871 
months of detraining after an initial 3 months of aerobic training (105). Therefore, studies employing a 872 
similar study design to investigate genome-wide epigenetic modifications after aerobic training, 873 
detraining, and retraining are warranted in future human studies. Given the impact of high-intensity 874 
aerobic exercise and high-intensity/sprint interval exercise on promoting hypomethylation compared 875 
with lower intensity exercise (88, 93), it maybe that exercise intensity has an important role in 876 
stimulating alterations in DNA methylation (reviewed in (70)). Indeed, in collaboration with our group, 877 
unpublished data from Simone Porcelli’s laboratory and primary researcher Andrea Pilotto, 878 
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investigated if there is an epigenetic memory of high-intensity exercise training. These unpublished 879 
observations suggest there were 1,190 CpG sites in the human genome that demonstrate a retained 880 
hypomethylated profile into detraining after a high intensity training period (Pilotto A et al,. 881 
unpublished). Furthermore, the number of hypomethylated DMPs remained elevated during detraining 882 
and retraining, whereas hypermethylation returned to baseline level in both conditions. Sepcifically, 883 
the genes: ADAM19, INPP5a, MTHFD1L, PDGFB, CAPN2 and SLC16A3 as were identified as 884 
hypomethylated genes with enhanced expression after initial training that maintained their 885 
hypomethylated status and enhanced transcription even during detraining, indicating an epigenetic 886 
memory of these genes’ methylation signatures following earlier training (Pilotto A et al., unpublished). 887 
The genes demonstrating an epigenetic memory were associated with metabolic pathways, calcium 888 
signaling, lactate and pyruvate transport and mitochondrial enzymes. Overall, these data suggest that 889 
there was an epigenetically regulated transcriptional memory of earlier high intensity training. These 890 
data may also lead to a working hypothesis that there may be a mitochondrial epigenetic memory in 891 
muscle. Where studies in the future should perhaps also investigate the mitochondrial DNA (mtDNA) 892 
methylome after a period of training, detraining, and retraining. Indirect support for this hypothesis 893 
exists in a recent study that demonstrated resistance exercise can remodel the mtDNA methylome 894 
(106), and given the nature of the stimulus, it is plausible to suggest that aerobic and/or high intensity 895 
exercise may perhaps achieve a more substantial epigenetic response in mtDNA, something that 896 
requires attention in the near future.  897 
Epigenetic muscle memory across species  898 
 899 
Consistent with the findings in epigenetic muscle memory across young and elderly humans 900 
discussed above, a recent investigation explored the methylation signatures using a model of high 901 
intensity weighted wheel running training, detraining, retraining in rodents and reported a greater 902 
hypomethylation and retention of DNA methylation signatures into detraining following an earlier 903 
training period (6). What was exciting in these mice studies, is that the authors investigated the 904 
methylome specifically of the myonuclei that resides directly within the muscle fibre and were able to 905 
compare this with the methylome of other nuclei present in whole muscle tissue (termed interstitial 906 
nuclei given these nuclei are located outside of the muscle fibre), after a period of 8 weeks training 907 
(via PoWeR), detraining, and another 4 weeks of retraining  (6). This study has advanced the field 908 
and will probably be crucial in developing our understanding of how epigenetic memory in muscle is 909 
integrated with the cellular muscle memory mechanism. Therefore, in the next section we discuss this 910 
research in more detail to enable relevant future directions in this field.  911 
 912 
Integration of epigenetic and cellular muscle memory theories 913 
 914 
As alluded to directly above, in the epigenetic muscle memory studies in mice, the authors 915 
investigated methylation signatures, specifically of the myonuclei compared with other interstitial 916 
nuclei residing in the mouse plantaris muscle (6). To do this, they employed progressive weighted 917 
wheel running (PoWeR) training in mice for 8 weeks, followed by 12 weeks of detraining and 4 weeks 918 
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of retraining. The group undertook reduced representation bisulfite sequencing (RRBS) and RNA-919 
sequencing for genome-wide methylation and gene expression, respectively (6). Following the first 8-920 
week training intervention there was slightly larger hypomethylation compared with hypermethylation 921 
in the DNA of the myonuclei, similar to that observed after initial training in humans (4, 7). However, in 922 
the interstitial nuclei, there was a greater a predominance of hypomethylation versus 923 
hypermethylation compared to the myonuclei. The enrichment of methylation in specific pathways 924 
was also different between the myonuclei and interstitial nuclei in these rodents. Where one of the 925 
most enriched pathways was the Wnt signalling pathway, with Wnt related genes demonstrating 926 
hypomethylation within the myonuclei, compared with hypermethylation in promoter regions within the 927 
interstitial cell nuclei (6). These alterations in differential methylation enriched in similar pathways 928 
between nuclei types resident in skeletal muscle tissue suggests that there may be an important 929 
epigenetic role for different cell types in skeletal muscle tissue in response to exercise training. Single 930 
nuclei analysis of DNA methylation profiles therefore seem important to determine in human muscle 931 
to investigate whether epigenetic muscle memory resides in both the nuclei of muscle fibres 932 
themselves as well as the nuclei of non-muscle cell types that contribute to the skeletal muscle niche. 933 
One caveat may be that it has been reported approximately 40-60% of nuclei in mouse muscle are 934 
myonuclei, with human muscle containing more like 80%+ myonuclei compared with other nuclei 935 
types (92, 107). Therefore, the contribution of epigenetic alterations in divergent nuclei from different 936 
cell types in human muscle is potentially not as strong as that observed in mouse muscle. However, it 937 
is clear that future studies need to determine the relative contribution of differential methylation 938 
between differing nucleus types in human muscle after resistance exercise to be able to quantify this 939 
appropriately and draw conclusions.  940 
 941 
It is also important to highlight that in published human data after training, both acute and chronic 942 
resistance exercise growth-related pathways demonstrate enriched hypomethylation (4, 89, 90). 943 
While Wnt signalling did not seem to be significantly enriched in humans after resistance exercise (4), 944 
in unpublished observations, Wnt signalling in the DNA from a muscle biopsy homogenate was 945 
enriched with hypomethylation after high intensity training in humans (Pilloto A et al., Unpublished), 946 
corroborating the hypomethylation observed in the DNA from myonuclei after PoWeR training in mice. 947 
Where, PoWeR training is perhaps more similar to high intensity exercise than heavy resistance 948 
exercise in humans (108), and therefore this unpublished human data potentially support the role for 949 
enriched hypomethylation in the Wnt signalling pathway observed in mouse myonuclei.  950 
 951 
Returning to the above rodent study, after a period of detraining in mice, the authors were able to also 952 
identify that DNA methylation signatures altered after the initial PoWeR training period were retained, 953 
indicating an epigenetic memory in muscle following training in mice (6). Therefore, this study further 954 
substantiates cross-species evidence for an epigenetic muscle memory that was first observed in 955 
human muscle (4, 7). Interestingly, in these mouse studies, hypomethylation was also maintained 956 
throughout detraining in the interstitial nuclei and hypermethylation was predominantly retained in the 957 
myonuclei (92). This indicated that the hypomethylation that persisted in the DNA in human muscle 958 



Invited Review – AJP Cell Physiology 

 25

homogenates, aligned with the trend observed in the mouse interstitial nuclei versus the myonuclei. 959 
Having said this, the authors also reported retention of hypomethylation in the myonuclei, albeit with 960 
fewer genes than the number of those that were hypermethylated. Furthermore, we also identified 961 
retained hypermethylation in the muscle homogenate in humans, just the predominant profile was that 962 
of retained hypomethylation (4). The proportion of myonuclei to interstitial nuclei in human versus 963 
mice studies, described above, may also play a role in these differences observed between species. 964 
However, these intricacies across species require further investigation to further tease out the nuclei-965 
specific alterations in human muscle and their relative contribution to muscle memory.  966 
 967 
Finally, it is important to note that in these repeated training studies in mice, the authors did not report 968 
the DNA methylome or transcriptome analyses after later retraining (6). Therefore, the authors were 969 
unable to test the existence of the second epigenetic memory profile to repeated training as described 970 
above in humans (4) (Figure 2). Specifically, whether initial hypomethylation after training is further 971 
enhanced leading to a greater level of hypomethylation during later retaining (4), something that 972 
would be important to corroborate in mice studies in the future. Nevertheless, these studies in mice 973 
have advanced the field and highlight the need for further analysis of cell-specific epigenetic 974 
responses for understanding epigenetic memory in skeletal muscle. In the future, it would also be 975 
important to determine the methylation of nuclei from different cell types making up the interstitial 976 
component. Given that in the study design above, satellite cell-derived myonuclei would also be in the 977 
interstitial fraction (6). Therefore, given that satellite cells may also be incorporated into the muscle 978 
fibres to become myonuclei following training, this means that the epigenetic alterations in satellite 979 
cells following training, detraining and retaining have not yet been distinguished. Earlier work by the 980 
same group have attempted to determine methylome differences between myonuclei versus 981 
myonuclei plus satellite cells using genetic mouse models (109). Here the authors were able to 982 
fluorescently tag myonuclei with high specificity before and following PoWeR training. Using this 983 
approach, myonuclei residing in the muscle at the start of training and that persisted during the 984 
training period were fluorescently labelled and compared to all the post-training myonuclear pool that 985 
included both resident myonuclei present at the start of training plus satellite cell-derived myonuclei 986 
acquired from the training period. Therefore, the contribution of satellite cell-derived myonuclei 987 
induced alterations in the methylome could therefore be, in-part, deduced by comparing these two 988 
groups. One caveat using this design means that it is difficult to separate absolute changes in the 989 
myonuclear methylome versus satellite cells alone. However, thus far this is the best attempt using a 990 
novel and exciting genetic mouse model to investigate the satellite cell methylome. The authors 991 
identified that myonuclear DNA was hypomethylated after PoWeR training and this hypomethylation 992 
was enriched in gene promoters involved in growth-related pathways and protein turnover, whereas 993 
the myonuclear plus satellite cell methylome profiles were shifted towards transcription factor 994 
regulation and cell-cell signalling. Further, by comparing myonuclei-specific methylation profiles to 995 
already published single-nucleus transcriptional analysis from the same conditions, suggested that 996 
satellite cell-derived myonuclei may preferentially provide specific ribosomal proteins to muscle fibres 997 
and therefore could provide a memory of these genes to the growing muscle fibre. Interestingly, 998 
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methylation in ribosomal protein gene, Rpl35a, was identified as hypomethylated in the myonuclei 999 
plus satellite cell condition as well as increased at the gene expression level relative to the myonuclei 1000 
only condition after PoWeR training in mice. Importantly, this gene was also identified as having an 1001 
epigenetic memory profile in human skeletal muscle tissue (109). Taken together, these data across 1002 
human and rodent studies suggest that an epigenetic memory of specific genes involved in different 1003 
processes may come from distinct cell nucleus types within the muscle niche (Figure 3). For 1004 
example, growth-related epigenetic memory genes from myonuclei compared with transcription factor, 1005 
cell-cell signalling and ribosomal protein genes from satellite cell nuclei. In addition to these existing 1006 
studies attempting to investigate satellite cell specific methylome profiles and muscle memory, there 1007 
has been some recent DNA methylation data from isolated satellite cells that suggests that epigenetic 1008 
retention of DNA methylation can occur specifically in this cell type after muscle injury and therefore 1009 
may impact adaptation of muscle into adulthood (110). Something we will discuss in more detail in the 1010 
following section.  1011 
 1012 
Overall, the determination of epigenetic profiles of both activated, fused and retained satellite cells 1013 
versus already resident myonuclei could be important for defining the integration of both the cellular 1014 
and epigenetic memory theories of skeletal muscle adaptation to exercise stimuli. However, many 1015 
challenges to this work in humans arise from the low number of satellite cells in a muscle tissue 1016 
biopsy (~1-5% of total nuclei in human muscle (111, 112)), and therefore genetic mouse models and 1017 
human derived cell cultures will most likely be needed to investigate the contribution of epigenetic 1018 
memory that resides in satellite cells themselves. However, as alluded to above, satellite cells are 1019 
potentially an important source of epigenetically retained imprints given they can be activated and 1020 
proliferate, thus may pass their epigenetic information to their daughter cells that can then fuse to the 1021 
existing muscle fibres when encountering growth stimuli. Overall, we propose there may be a 1022 
synergistic interaction between the myonuclei accrued (cellular memory theory) and a specific 1023 
epigenetic contribution from both the myonuclei and satellite cells themselves (epigenetic memory 1024 
theory) that in turn may be intertwined with epigenetic changes in other cell types within the muscle 1025 
tissue niche. For example, it is known that even in the absence of fusion, satellite cells can 1026 
communicate with other cell types such as interstitial fibrogenic cells, as well as the muscle fibres 1027 
themselves (40, 41). Therefore, studies investigating the integration of both the cellular and epigenetic 1028 
components of muscle memory in different cell types within the muscle tissue niche will provide a very 1029 
fruitful avenue for future discovery in the field of muscle memory.  1030 
 1031 
Is there a negative epigenetic memory in skeletal muscle? 1032 
 1033 
So far, the focus of the review has addressed whether skeletal muscle possesses a memory of 1034 
positive stimuli. However, it is also possible that a ‘negative’ memory may also exist in skeletal 1035 
muscle. For example, an encounter with a ‘negative’ muscle wasting or atrophic stimuli such as 1036 
disuse or immobilisation caused by an injury or hospitalisation may result in the muscle becoming 1037 
more susceptible to muscle wasting if the same/similar wasting stimuli is encountered again in the 1038 
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future. It is therefore also possible that muscle may possess a ‘negative’ memory after muscle loss 1039 
associated with metabolic disease or cancer. Indeed, as summarised in the introduction, studies 1040 
demonstrate that muscle cells remember negative encounters once isolated in-vitro, such as impaired 1041 
lipid metabolism and insulin sensitivity, when cells are obtained from T2D and obese individuals, or 1042 
uncontrolled cell growth in cells isolated from cancer patients (reviewed in (2, 9)). Furthermore, 1043 
evidence from undernutrition in-utero in animal models and epigenetic changes skeletal muscle of the 1044 
offspring demonstrate that early life in-utero encounters with growth restricting environments can 1045 
negatively alter muscle size, fibre type and function of the offspring’s muscle (reviewed in (2, 9). With 1046 
recent evidence that maternal exercise mediates epigenetic changes in the offspring at both the DNA 1047 
methylation (113) and histone level (114). 1048 
 1049 
Proof of concept for a negative muscle memory exists from in-vitro experiments, where muscle cells 1050 
retain an epigenetic signature of an early proliferative life encounter with a muscle wasting dose of 1051 
inflammation (high dose TNF-α to levels experienced in muscle wasting conditions such as cancer 1052 
cachexia) (8). Consequently, when TNF-α is encountered later in the muscle cells proliferative 1053 
lifespan they demonstrate an increased susceptibility to reductions in differentiation and myotube 1054 
growth (8). In a most recent study in mice, there is also evidence for an epigenetic memory of 1055 
negative stimuli from muscle injury in earlier life having a long-lasting epigenetic impact via DNA 1056 
methylation in muscle stem cells after normal development of mature muscle. Interestingly, having an 1057 
earlier life muscle injury meant there were CpG sites that also retained their demethylated 1058 
(hypomethylated) status in mature muscle from the earlier injury even when accounting for epigenetic 1059 
changes that occur during normal development (110). While the muscle injury caused predominantly 1060 
hypomethylation in gene regions, transcriptome analysis suggested a down regulation of the 1061 
transcripts associated with the methylation changes. Using Tet3 knockdown, the authors were also 1062 
able to suggest that the changes in demethylation were necessary for muscle stem cell activation and 1063 
proper regeneration (110). In these studies, there was not a repeated later muscle injury, so while the 1064 
authors hypothesised that earlier injury could ‘prime’ the muscle for later adaptation, this was not 1065 
investigated. Having said this, these data seem to suggest a negative encounter of muscle injury 1066 
(multiple needle stick injury in rodents) may have a positive effect on later regeneration and in this 1067 
scenario may not fit into the definition of ‘negative´ muscle memory and notion that muscle becomes 1068 
more susceptible to muscle wasting in later life if it has been encountered earlier. Based on these 1069 
data, it is perhaps logical to hypothesise that a positive or negative memory to muscle wasting periods 1070 
is likely to be highly dependent on the severity of the negative encounter of injury or disuse, disease 1071 
state and age of the individual. While this recent study sheds light on early life encounters with 1072 
negative stimuli (the injury protocol was a severe model of multiple needle stick injury in mice) there is 1073 
currently no publisded study on negative memory from earlier wasting periods in humans caused by 1074 
physiologically relevant stimuli such as injury or disuse, and how these encounters impact the ability 1075 
of the muscle to respond to the same encounter in later life. This is especially prudent, for example, in 1076 
the elderly, where if these individuals encounter a fall and muscle injury, they will lose muscle mass 1077 
and function, and are then more likely to encounter a repeated fall injury and repeated muscle 1078 
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wasting, with repeated encounters with wasting associated with earlier frailty, morbidity, and mortality 1079 
(62). Identifying gene targets involved in negative muscle memory may therefore help identify those 1080 
genes that could be targeted to provide a therapy. A strategy that could provide a clinically relevant 1081 
time window would be after an elderly person falls and loses muscle mass. Where, if known, memory 1082 
genes would be targeted (e.g., via gene therapy) in the recovery period following this accident, with 1083 
the idea that targeting these genes could protect the muscle if it was to encounter another fall injury 1084 
and a repeated period of muscle wasting in the future. Recent unpublished observations from our 1085 
group suggest that muscle may possess a negative memory in some but not all muscles, as well as 1086 
loss of strength that may be more indicative of a negative neural memory. In this unpublished study, 1087 
young healthy humans (male and female) undertook 2 weeks of disuse-induced atrophy via unilateral 1088 
limb immobilization, followed by 7 weeks of recovery then another 2 weeks of atrophy (referred to as 1089 
repeated atrophy). We found there were comparable reductions in total leg lean mass (-3%) and 1090 
mCSA of the VL (-9%) after atrophy and repeated atrophy. However, a loss of mCSA of the rectus 1091 
femoris only occurred after repeated atrophy (-3%), coupled with a greater loss of muscle strength 1092 
compared to the initial atrophy period (Turner D et al., unpublished). Ongoing myonuclei number, 1093 
methylome and transcriptomic analyses will seek to determine whether a cellular or epigenetic 1094 
memory of earlier and repeated atrophy exists.  1095 
 1096 
Finally, to the authors knowledge there is only one study that has assessed, albeit indirectly, whether 1097 
a negative epigenetic memory in human skeletal muscle exists, whereby breast cancer patients 1098 
demonstrated retained DNA methylation profiles over 10 years after diagnosis and treatment 1099 
compared to relevant aged-matched controls (10). However, so far there is very little direct in-vivo 1100 
evidence in adult humans of a negative epigenetic muscle memory in skeletal muscle tissue and 1101 
therefore this paradigm requires future investigation perhaps using the design of repeated muscle 1102 
wasting stimuli with a period of recovery between these stimuli, as discussed above. These studies 1103 
are perhaps difficult to justify ethically in elderly individuals, and therefore will probably require aged 1104 
animal and or in-vitro experimentation in elderly derived muscle cells to progress this area. 1105 
 1106 
Can exercise reset the epigenetic DNA methylome after negative encounters? 1107 
 1108 
It has been demonstrated that aged human skeletal muscle tissue and muscle derived cells 1109 
demonstrate hypermethylation of DNA compared with young adult skeletal muscle tissue (7, 99, 111) 1110 
and that this hypermethylation occurs in gene regulatory regions (115, 116). Yet, in a recent large 1111 
scale meta-analysis of aging muscle across the genome, there was a predominance of 1112 
hypomethylation across the genome (117). Despite this, it is still perhaps the case that the 1113 
hypermethylation trend observed in aged muscle occurs in gene regulatory regions such as promoter 1114 
regions (115, 116) and more studies need to investigate, not just promoter and enhancer regions, but 1115 
also silencer regions, as well as intragenic and gene body methylation and determine whether the 1116 
methylation and expression levels are correlated in aged skeletal muscle. Interestingly, the same 1117 
meta-analysis suggested that 68% of the differentially expressed genes in aged skeletal are reduced 1118 
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(117). This would support that overtime the significant DNA methylation changes, perhaps an 1119 
accumulation of DNA methylation in gene regulatory regions leads to an overall suppression of gene 1120 
expression in skeletal muscle with age. However, only 68 of the same genes significantly altered at 1121 
the DNA methylation level demonstrated corresponding changes at the expression level with age in 1122 
skeletal muscle (117), perhaps suggesting a small, yet important number of epigenetically modified 1123 
genes result in changes corresponding to gene expression in aged skeletal muscle. Even given this 1124 
recent knowledge, when these DNA methylation changes occur across the lifespan are not entirely 1125 
clear. However, given the potential ‘accumulation’ of epigenetic marks in aged muscle and that 1126 
exercise considerably remodels the DNA methylome landscape, as described above, it could be 1127 
hypothesised that exercise could be epigenetically anti-aging. Also, perhaps due to epigenetic muscle 1128 
memory, exercise could offset the impact of negative epigenetic events on skeletal muscle health 1129 
during the lifespan.  1130 
 1131 
To support this hypothesis, muscle taken from elderly individuals who have undertaken regular 1132 
exercise throughout their life display a more hypomethylated DNA profile compared to elderly 1133 
individuals who have been less active throughout their life (57). It has also been demonstrated that 1134 
those who are aerobically physically active have inversely methylated signatures to those observed in 1135 
aged muscle (99). Moreover, aging has been shown to cause hypermethylation to the mitochondrial 1136 
(mtDNA) genome in skeletal muscle, where progressive resistance training was able to ‘rejuvenate’ 1137 
the hypermethylated mtDNA signature towards a more hypomethylated state that was closely 1138 
reminiscent of the signature observed in trained young adult muscle (94). This was therefore also 1139 
suggestive that the negative epigenetic signatures associated with aging muscle might be 1140 
counteracted by undertaking exercise training. Recent studies shed light on this hypothesis where 1141 
exercise mitigates the negative effects of maternal high-fat consumption on the offspring (114), 1142 
suggestive of a positive memory of exercise both before (in the offspring) or in later (aged) life. 1143 
Similarly, resistance training and aerobic training have been shown to partially reset the skeletal 1144 
muscle methylome of both aged individuals (7) and cancer survivors (10) back towards profiles 1145 
observed in relevant healthy young and relevant healthy aged-matched controls respectively. In 1146 
rodents, late life PoWeR exercise training (mice aged 22-24 months) prevents aged associated 1147 
promoter hypermethylation and promotes a younger DNA methylation age by 8 weeks (8% of total 1148 
lifespan) as measured by epigenetic clocks (118, 119). Finally, meta-analysis of over three thousand 1149 
methylome and transcriptome samples from skeletal muscle has also been able to predict that for 1150 
every additional unit of increasing VO2 max with age is accompanied by a change in methylation 1151 
equivalent to 1.6 years of “rejuvenation” of the age-related methylation changes (117). More simply, 1152 
increased aerobic training into older age (that increases VO2 max) will improve the epigenetic profile 1153 
in muscle to those observed in younger profiles. In terms of muscle memory, there is currently no data 1154 
studying individuals that have trained in the past and encounter muscle wasting stimuli to see if the 1155 
memory from the earlier training can help protect the muscle from a wasting encounter. Also, it has 1156 
not been directly studied how long epigenetic memory can last, however, it is intriguing to think that it 1157 
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maybe be remembered for years after an initial stimulus (10), something that clearly warrants future 1158 
study.   1159 
 1160 
Future directions 1161 
 1162 
It is not currently known how long cellular or epigenetic memory lasts and this question is likely to be 1163 
the focus of future research in this area. It is also likely that other epigenetic modifications such as 1164 
those that occur on histone proteins and other factors such as the three-dimensional chromatin 1165 
configuration, could also be retained after exercise and lead to an enhanced genomic response to 1166 
future exercise. Therefore, these other epigenetic modifications are also likely to be important areas 1167 
of muscle memory research in the future.  1168 
 1169 
Further, it is also interesting to hypothesise that by altering the exercise frequency, intensity, or timing 1170 
of training this could make memory of exercise last longer. Initial data suggests that epigenetic 1171 
alterations can be somewhat distinct between acute exercise at different intensities within aerobic, 1172 
high intensity and resistance exercise (88, 90, 93), and therefore requires studies of chronic training, 1173 
detraining, retraining to assess whether a certain intensity is advantageous to promote a longer 1174 
lasting muscle memory. Hypothetically, addressing these important questions would allow the 1175 
incorporation of this type of ‘optimised muscle memory’ training into an athletes or recreationally 1176 
active persons periodised training programme. This may help reduce the total volume or intensity of 1177 
training required, meaning more time could be spent recovering (therefore reducing injury) or on skill-1178 
specific tasks for a given event/sport. For example, if athletes or the public could train at higher 1179 
volume/intensity less frequently and still have the same adaptation due to muscle memory this would 1180 
be beneficial in enabling more time for recovery or enabling more time efficient exercise 1181 
programs. However, more studies that are designed to test these specific exercise variables 1182 
throughout training, detraining, and retraining are required to answer these questions.  1183 
 1184 
Finally, understanding negative muscle memory will be important for identifying the genes associated 1185 
with retained epigenetic profiles associated with muscle wasting. It is becoming clearer that exercise 1186 
can help, at least partially reset the epigenetic landscape in the muscle of aged and diseased 1187 
individuals. However, given that exercise may not always be possible in elderly, frail or diseased 1188 
individuals, identifying gene targets involved in negative muscle memory may help identify future 1189 
strategies of therapeutic intervention for muscle wasting.  1190 
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Figure Legends 1592 
 1593 
Figure 1. Proposed mechanisms for cellular muscle memory in response to (A) positive and (B) 1594 
negative stimuli in skeletal muscle. (A) Androgenic anabolic steroid (AAS)- and/or resistance training 1595 
(RT)-induced hypertrophy is accompanied by the fusion of satellite cells, contributing new myonuclei. 1596 
In rodents newly acquired myonuclei are then retained during periods of muscle loss following 1597 
detraining and/or AAS abstinence. Finally, the accrual and retention of new myonuclei after initial 1598 
training and/or AAS use coupled with the potential acquisition of more myonuclei after retraining may 1599 
explain the enhanced muscle response to later training. In human muscle this response is still to be 1600 
fully confirmed. (B) Muscle loss during disuse atrophy (e.g., bed rest and/or immobilisation), aging 1601 
and muscle-wasting diseases (e.g., type 2 diabetes and cancer cachexia) may be due to a loss of 1602 
resident and/or newly acquired myonuclei. Upon reloading/exercise, the acquisition of new myonuclei 1603 
may permit sufficient recovery of muscle. A potential greater loss of skeletal muscle following 1604 
repeated atrophy could be due to a further loss of resident and/or newly acquired myonuclei. Loss of 1605 
myonuclei with atrophy is still widely debated and therefore figure B is still largely hypothetical. Figure 1606 
created with BioRender.com 1607 
 1608 
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 1609 
Figure 2. Proposed mechanisms for a (A) positive and (B) negative epigenetic memory of exercise in 1610 
skeletal muscle. (A) The physiological response to resistance (e.g., increased muscle size) is 1611 
accompanied by reduced methylation (i.e., hypomethylation) enabling gene transcription. DNA 1612 
hypomethylation after training is then either retained into detraining (memory signature 1) and in some 1613 
cases gene expression also remains elevated. Alternatively, methylation returns to baseline levels 1614 
(memory signature 2) after detraining where at the physiological level, muscle returns to its´ pre-1615 
exercise training size. Finally, the enhanced response to resistance (e.g., muscle size and strength) 1616 
exercise after later retraining is coupled with retained (memory signature 1) and in some instances 1617 
even greater hypomethylation and enhanced gene transcription (memory signatures 1 and 2). (B) 1618 
Oppositely, muscle loss in response to aging, muscle-wasting diseases, and disuse atrophy (e.g., bed 1619 
rest or immobilisation) may result in increased DNA methylation (i.e., hypermethylation) and 1620 
reductions in gene transcription. Upon reloading and recovery of muscle, DNA methylation levels may 1621 
either be retained (memory signature 1) or return to baseline levels (depicted in memory signature 2). 1622 
Finally, a potential greater loss of muscle mass and function after repeated disuse atrophy may be 1623 
accompanied by enhanced hypermethylation (memory signatures 1 and 2) and perhaps even greater 1624 
reductions in gene expression, suggestive of negative epigenetic memory of skeletal muscle wasting. 1625 
This negative epigenetic memory hypothesis is not yet confirmed in empirical studies and requires 1626 
future investigation. Open (clear) circles represent hypomethylation and closed (dark) circles 1627 
represent hypermethylation. Figure created with BioRender.com 1628 
 1629 
Figure 3. Proposed hypothetical mechanisms for the integration of both cellular and epigenetic 1630 
memory mechanisms. Muscle (e.g., satellite cells and myonuclei) and non-muscle cells (e.g., 1631 
interstitial cells including; osteocytes, fibroblasts, adipocytes, immune cells) resident in skeletal 1632 
muscle tissue may demonstrate distinct DNA methylation changes in response to anabolic stimuli 1633 
such as resistance exercise training. Distinct epigenetic profiles may also exist within the same cell 1634 
type depending on its current state. For example, altered DNA methylation across resident, activated, 1635 
and fusing satellite cells together with resident versus newly acquired myonuclei as a result satellite 1636 
cell fusion may all demonstrate divergent epigenetic profiles in genes that are responsible for different 1637 
functions. For example, growth-related epigenetic memory genes from myonuclei versus transcription 1638 
factor, cell-cell signalling and ribosomal protein genes from satellite cell nuclei. Such exercise training-1639 
induced alterations in DNA methylation across different cell types may either be retained from earlier 1640 
training or further enhanced when re-exposed to the same or similar stimuli in future. Such enhanced 1641 
epigenetic changes are potentially coupled with greater myonuclei accretion. Epigenetic changes in 1642 
satellite cells may also mean that future generations of cells can pass on these epigenetic changes to 1643 
the fibre when incorporated as myonuclei during training and retraining. Figure created with 1644 
BioRender.com 1645 
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