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ABSTRACT 26 
Denervated myofibers and senescent cells are hallmarks of skeletal muscle aging. 27 
However, sparse research has examined how resistance training affects these 28 
outcomes. We investigated the effects of unilateral leg extensor resistance training on 29 
denervated myofibers, senescent cells, and associated protein markers in middle-aged 30 
participants (MA, 55±8 years old, 17 females, 9 males). We obtained vastus lateralis 31 
(VL) muscle cross-sectional area (mCSA), VL biopsies, and strength assessments 32 
before and after training. Fiber cross-sectional area (fCSA), satellite cells (Pax7+), 33 
denervated myofibers (NCAM+), senescent cells (p16+ or p21+), senescence-related 34 
proteins, and senescence-associated secretory phenotype (SASP) proteins were 35 
analyzed from biopsied muscle. Leg extensor peak torque increased after training 36 
(p<0.001), while VL mCSA trended upward (p=0.082). No significant changes were 37 
observed for fCSA, NCAM+ myofibers, or senescent (p16+ or p21+) cells, albeit satellite 38 
cells increased after training (p=0.037). While >90% satellite cells were not p16+ or 39 
p21+, most p16+ and p21+ cells were Pax7+ (>90% on average). Training altered 13/46 40 
proteins related to muscle-nerve communication (all upregulated, p<0.05) and 10/19 41 
proteins related to cellular senescence (9 upregulated, p<0.05). Only 1/17 SASP 42 
proteins increased with training (IGFBP-3, p=0.031). In conclusion, resistance training 43 
upregulates proteins associated with muscle-nerve communication in MA participants 44 
but does not alter NCAM+ myofibers. Moreover, while training increases senescence-45 
related proteins in skeletal muscle, this coincided with an increase in satellite cells but 46 
not alterations in senescent cell content or SASP proteins. Hence, we interpret these 47 
collective findings as resistance training being an unlikely inducer of cellular 48 
senescence in humans. 49 
 50 
Keywords: aging, muscle, resistance training, denervation, senescence  51 
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INTRODUCTION 52 
Skeletal muscle is a tissue that is responsible for force generation, locomotion, 53 

metabolism, and heat production [1]. Skeletal muscle consists of thousands of muscle 54 
fibers, or myofibers, and each fiber is innervated by a single alpha motor neuron branch. 55 
This neuron, and all the myofibers it innervates, is collectively termed a motor unit. 56 
Functionally, the motor unit is responsible for relaying signals from the nervous system 57 
to the muscle to elicit muscle contraction. However, the site of muscle-nerve 58 
communication can be altered, specifically the neuromuscular junction (NMJ) [2, 3]. 59 
When a motor neuron is no longer communicating with a myofiber, this is referred to as 60 
denervation [4]. With aging there is an acceleration of denervation and a concomitant 61 
decline in reinnervation [5, 6]. Additionally, a preferential denervation of type II fibers 62 
occurs whereby the denervated myofibers are re-innervated by lower-threshold motor 63 
units, a phenomenon termed fiber type grouping [3]. Another well-established 64 
characteristic of aging is age-related muscle loss [7], and losses in myofiber innervation 65 
could partially explain why age-related atrophy ensues. In this regard, neural cell 66 
adhesion molecule positive (NCAM+) myofibers (indicative of denervation) are higher in 67 
older versus younger individuals, thus providing evidence that this phenomenon occurs 68 
[8, 9]. While there have been multiple studies showing the benefits of exercise for older 69 
individuals [10-14], there is limited and equivocal research on how exercise training 70 
affects denervated myofibers [15-18]. Furthermore, older individuals exhibit blunted 71 
hypertrophic responses to resistance training, and a recent meta-analysis supports that 72 
increased myofiber hypertrophy to resistance training is inversely related with age [19]. 73 
These data could be explained, in part, by the presence of more denervated myofibers 74 
and/or altered NMJ characteristics in aged individuals.  75 

A diminished hypertrophic response to resistance training in older individuals 76 
may also be, in part, due to an increased presence of senescent cells. p16 (cyclin 77 
dependent kinase inhibitor 2A; p16INK4a) and p21 (cyclin dependent kinase inhibitor 1A; 78 
p21WAF1/CIP1) are markers of senescence that inhibit cyclin-dependent kinases and 79 
promote cell cycle arrest [20-22]. Senescent cells are defined as a cell type in the 80 
interstitium that enters a state of semi-permanent cell cycle arrest and loses its 81 
regenerative capacity, while secreting molecules associated with inflammation (i.e., 82 
senescence-associated secretory phenotype, or SASP) [23]. Aging is positively 83 
associated with senescent cell abundance in muscle tissue [24-26]. Specifically, older 84 
mice present more senescent cells in the extracellular matrix of the plantaris muscle in 85 
response to synergist ablation-induced mechanical overload (but not in the basal state) 86 
relative to younger adult mice and this coincides with an impairment in muscle 87 
hypertrophy [27]. However, a senolytic cocktail (i.e., dasatinib and quercetin, or D+Q) 88 
reduced the presence of senescent cells in older mice and rescued the impaired 89 
hypertrophic phenotype. While these data are informative, little is known regarding the 90 
association between senescent cell abundance and the hypertrophic response to 91 
resistance training in older humans.  92 

Given the knowledge gaps in humans discussed above, the purpose of this study 93 
was multifaceted. First, we sought to examine how eight weeks of unilateral knee 94 
extensor resistance training affected the number of denervated (NCAM+) myofibers and 95 
senescent cells (p16+ or p21+) in middle-aged individuals (MA) in both the trained and 96 
non-trained legs. Additionally, we implemented deep proteomics and targeted antibody 97 
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array approaches to examine how proteins associated with cellular senescence and 98 
muscle-nerve communication were affected in the trained leg of these individuals. As 99 
with some of our past research [28, 29], we also sought to examine if resistance training 100 
elicited rejuvenating effects on assayed targets. Thus, tissue from a college-aged cohort 101 
(denoted as “Y” throughout) was used to examine if any aging or “training-rejuvenating” 102 
effects existed for the outcome variables. We hypothesized that, prior to training, both 103 
legs of the MA participants would possess more denervated myofibers and senescent 104 
cells compared to Y participants. We also hypothesized that resistance training would 105 
decrease the number of denervated myofibers and associated proteins in the training 106 
leg. Finally, given that senescent cells increase with age and stress, we hypothesized 107 
that senescent cells and proteins associated with cellular senescence would increase in 108 
the trained leg of MA participants. 109 
 110 
METHODS 111 
Ethical approval and participant screening 112 

This study was a non-related sub-aim of a study approved by the Auburn 113 
University Institutional Review Board (IRB protocol #21-461 MR 2110) which aimed to 114 
investigate the effects of a nutritional supplement (312 mg of combined Wasabia 115 
japonica extract, theacrine, and copper (I) niacin chelate) versus a placebo on unrelated 116 
markers over an eight-week period. A unilateral leg resistance training (2d/week) 117 
protocol was implemented to perform non-supplementation secondary analyses as 118 
presented herein. To ensure supplementation did not have appreciable effects on the 119 
assayed targets in skeletal muscle, we statistically compared the placebo and 120 
supplementation groups for pre-to-post intervention change scores in phenotypes (n=13 121 
per group) histology (n=10 per group), targeted proteomics (n=9 per group), and SASP 122 
protein markers (n=6-7 per group).  No significant differences in these scores were 123 
observed between supplementation groups for the following variables in the training leg 124 
or non-training leg: vastus lateralis (VL) muscle cross-sectional area (mCSA) (p=0.693 125 
and p=0.919, respectively), mixed fiber cross-sectional area (fCSA) (p=0.187 and 126 
p=0.333, respectively), the percentage of NCAM+ myofibers (p=0.803 and p=0.768, 127 
respectively), satellite cell number (p=0.131 and p=0.705, respectively), or p21+/Pax7+ 128 
cell counts (p=0.360 and p=0.322, respectively), or p16+/Pax7+ cell counts (p=0.376 129 
and p=0.900, respectively). Of the 66 targeted proteins from the proteomic analysis 130 
(only performed in the trained leg), only one was affected with supplementation (MTR, 131 
related to “axon regeneration”, was downregulated, p=0.043). Of the 17 targeted SASP 132 
proteins (only performed in the trained leg), five showed significant change score 133 
differences between supplementation groups exceeding p<0.05 according to the Mann-134 
Whitney U statistic (GM-CSF, IGFBP3, IL-6, IL-8, and RANTES). Wilcoxon rank tests 135 
indicated that the increase in IGFBP3 was the only significant SASP marker to increase 136 
in the 6 participants that consumed the nutritional supplement (p=0.031). Conversely, 137 
Wilcoxon rank tests indicated that IL-6 (p=0.047) and IL-8 (p=0.016) significantly 138 
decreased in the 7 participants that consumed the placebo supplement. Hence, given 139 
the marginal differences between supplementation groups for training outcomes, 140 
histology markers, proteomic targets, and SASP proteins, we opted to combine the two 141 
groups to robustly increase our statistical power for this secondary analysis.  142 
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Tissue from two prior studies were also used (Protocol #19–249 MR 1907 and 143 
#20–136 MR 2004) whereby strength, VL ultrasound images, and VL biopsies were 144 
obtained from younger adults [30, 31]. While the younger participants were involved in 145 
training studies, the participants’ basal (pre-intervention) characteristics were used to 146 
examine whether training leg outcomes in MA participants were altered to “youth-like” 147 
levels. Due to tissue or resource limitations, subsets of MA and Y participants were 148 
analyzed for certain assays, and these details are provided in Table 1.  149 
 150 
Table 1. Participant n-sizes for outcome variables 151 

Outcome MA participants Y participants 
General phenotypes 26 (age: 55±8 years old; 9M/17F) 15 (age: 22±3 years old; 6M/9F) 
Histology variables 20 (age: 55±8 years old; 5M/15F) 11 (age: 22±3 years old; 5M/6F) 
Targeted proteomics* 18 (age: 55±8 years old; 4M/14F) 9 (age: 22±2 years old; 2M/7F) 
SASP proteomics* 13 (age: 58±8 years old; 3M/10F) 5 (age: 22±1 years old; 1M/4F) 

Notes: *, indicates that assays were only performed in the trained leg of MA 152 
participants.  153 
 154 
Inclusion criteria for all studies indicated that participants had to possess a body mass 155 
index <34 kg/m2, have no or minimal experience with resistance training (≤ 1 day/week) 156 
one year prior to the study, and be free of any medical condition that would 157 
contraindicate participating in an exercise program or donating skeletal muscle biopsies. 158 
Participants provided verbal and written consent to participate prior to data collection 159 
and the study conformed to standards set by the latest revision of the Declaration of 160 
Helsinki except for being registered as a clinical trial.  161 
Study Design and Resistance Training Paradigm 162 

The resistance training intervention consisted of supervised unilateral leg 163 
extensions (2d/week for 8 weeks), and the intervention was preceded and followed by 164 
strength and VL muscle assessments (described later). For logistical purposes, all MA 165 
participants trained their right legs, with the left leg serving as a within-participant, 166 
untrained control leg. From 3-repetition max (3RM) testing (described below), 13 of the 167 
26 right legs were considered the dominant leg.  168 

For each training day, participants performed five sets of 12 repetitions per 169 
session. The beginning training load was established at ~40% of the participant’s 3RM 170 
(described below). After each set, participants verbally articulated their perceived 171 
repetitions in reserve (RIR), and training load was adjusted accordingly. RIR values of 172 
0-2 after a set resulted in no training load change in each session. RIR values of 3-5 for 173 
consecutive sets resulted in the training load being increased by 5-10%. For RIR values 174 
≥6 after one set, the training load was increased by 10-20%. If the weight could not be 175 
performed with full range of motion, or the participant could not complete 12 repetitions 176 
for a given set, the training load was decreased.  177 
 178 
Strength testing 179 

The first and last workout of the eight-week training paradigm consisted of 180 
maximal leg extensor-flexion torque assessments using isokinetic dynamometry (Biodex 181 
System 4; Biodex Medical Systems, Inc., Shirley, NY, USA) and 3RM leg extensor 182 
strength testing. Notably, both legs were used for these assessments. Prior to 183 
dynamometer testing, the participant’s lateral epicondyle was aligned with the axis of 184 
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the dynamometer’s lever arm, and the hip was positioned at 90°. The starting leg was 185 
randomized for everyone prior to each test. The participant’s shoulders, hips, and leg 186 
were strapped and secured for isolation during testing. Following three warm-up trials at 187 
a submaximal effort, participants completed five maximal voluntary isokinetic knee 188 
extension and flexion actions at 60 degrees/second. Participants were provided verbal 189 
encouragement during each contraction. The isokinetic contraction resulting in the 190 
greatest peak torque value was used for analyses. Participants were given a one-191 
minute rest and then the contralateral leg completed this exact protocol. Approximately 192 
five minutes following isokinetic dynamometry testing, participants performed 3RM 193 
strength testing on both the right and left leg. Prior to testing, participants were given a 194 
warm-up load and instructed to complete 10 repetitions. After participants recorded their 195 
RIR for the warmup set, the weight was adjusted accordingly for another warm-up set of 196 
five repetitions. RIR was recorded again to determine the participant’s starting load for a 197 
3RM attempt. The load was incrementally increased 5-10% per 3RM attempt until 3RM 198 
testing concluded, indicated by failure of full range of motion on any of the repetitions, or 199 
if RIR recorded was 0. Participants were allowed a full three minutes of recovery 200 
between attempts. The isokinetic dynamometry and 3RM testing described herein was 201 
similar for both the first and final workout.  202 
 203 
Testing Sessions 204 

Urine specific gravity testing for hydration. Participants performed a testing 205 
battery prior to the start of training (PRE) and 3-5 days following the last resistance 206 
training workout (POST). Participants arrived for testing at a minimum of 4 hours fasted 207 
and well hydrated. Upon arrival participants submitted a urine sample (~5 mL) for urine 208 
specific gravity assessment (USG). Measurements were performed using a handheld 209 
refractometer (ATAGO; Bellevue, WA, USA). USG levels in all participants were ≤ 210 
1.020, indicating sufficient hydration [32].  211 

Body composition testing. Once adequate hydration was determined, body 212 
composition was assessed using multi-frequency bioelectrical impedance analysis 213 
(InBody 520, Biospace, Inc. Seoul, Korea). From the scan, body fat percentage was 214 
recorded. Previously determined test-retest reliability yielded an intraclass correlation 215 
coefficient (ICC3,1) of 0.99, standard error of the measurement (SEM) of 0.87%, and 216 
minimal difference (MD) of 1.71% for body fat percentage. 217 

Ultrasonography assessment for muscle morphology. A detailed description of 218 
VL assessments using ultrasonography has been published previously by Ruple et al. 219 
[33]. Briefly, real-time B-mode ultrasonography (NextGen LOGIQe R8, GE Healthcare; 220 
Chicago, IL, USA) using a multifrequency linear-array transducer (L4-12T, 4–12 MHz, 221 
GE Healthcare) was used to capture right and left leg images to determine VL muscle 222 
cross-sectional area (mCSA). Prior to scans, the mid-thigh of the leg was determined by 223 
measuring the total distance from the mid-inguinal crease in a straight line to the 224 
proximal patella, with the knee and hip flexed at 90°, a mark was made using a 225 
permanent marker at 50% of the total length. From that location, a permanent marker 226 
was used transversely to mark the mid-belly of the VL. This marking is where all PRE 227 
ultrasound images were taken as well as the muscle biopsy (described below). POST 228 
images were taken at the PRE biopsy scar to ensure location consistency between 229 
scans. During mCSA scans, a flexible, semirigid pad was placed around the thigh and 230 
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secured with an adjustable strap to allow the probe to move in the transverse plane. 231 
Using the panoramic function of the device (LogicView, GE Healthcare), images were 232 
captured starting at the lateral aspect of the VL and moving medially until rectus femoris 233 
was visualized, crossing the marked location. All ultrasound settings were held constant 234 
across participants and laboratory visits (frequency: 10 MHz, gain: 50 dB, dynamic 235 
range: 75), and scan depth was noted and held constant across time points per 236 
participant. Images were downloaded and analyzed offline using ImageJ software 237 
(National Institutes of Health, Bethesda, MD). All ultrasound images were captured and 238 
analyzed by the same investigators at each timepoint. Previously determined test-retest 239 
reliability on 10 participants measured twice within 24 h (where BAR captured images 240 
and JSG analyzed images) yielded an ICC of 0.99, SEM of 0.60 cm2, and MD of 1.65 241 
cm2 for VL mCSA.  242 

Collection of muscle tissue. Muscle biopsies were obtained at PRE and POST, 243 
from the mid-belly of both the right and left VL muscle, with sampling time of day at PRE 244 
and POST being standardized for each participant. Lidocaine (1%, 1.0 mL) was injected 245 
subcutaneously superficial to the skeletal muscle fascia at the previously marked 246 
location. After five minutes of allowing the anesthetic to take effect, a small pilot incision 247 
was made using a sterile Surgical Blade No. 11 (AD Surgical; Sunnyvale, CA), and the 248 
5-gauge biopsy needle was inserted into the pilot incision ∼1 cm below the fascia. 249 
Approximately 50–80 mg of skeletal muscle was removed using a double chop method 250 
with applied suction. Following biopsies, tissue was rapidly teased of blood and 251 
connective tissue. A portion of the tissue (∼10–20 mg) was preserved in freezing media 252 
for histology (OCT; Tissue-Tek, Sakura Finetek Inc; Torrence, CA, USA), slowly frozen 253 
in liquid nitrogen-cooled isopentane, and subsequently stored at −80°C until histological 254 
analysis. Another portion of the tissue (~30–50 mg) was placed in pre-labeled foils, flash 255 
frozen in liquid nitrogen, and subsequently stored at −80°C until other assays described 256 
below. 257 
 258 
Deep Proteomics for the Manual Interrogation of Denervation and Senescence-related 259 
Proteins 260 
 Sample Preparation. Sarcoplasmic protein isolation for all samples occurred at 261 
Auburn University using a previously described method [34], and the complete methods 262 
used have been previously described with a subset of the current participants [35]. 263 
Approximately 30 mg of tissue was homogenized using tight-fitting pestles in 500 µL of 264 
25 mM Tris, pH 7.2, 0.5% Triton X-100 (with added protease inhibitors; Promega, Cat. 265 
No. G6521; Madison, WI, USA). Samples were then centrifuged at 1500 g for 10 min at 266 
4°C and the soluble/sarcoplasmic fraction supernatants were collected. Due to resource 267 
constraints, 18 MA participants’ PRE and POST trained leg specimens and 9 younger 268 
participant specimens were used for further analysis. 269 
 Proteomics analysis of the sarcoplasmic fraction was performed at Seer, Inc. 270 
(Redwood City, CA, USA). For each sample, 250 μL soluble/sarcoplasmic fraction 271 
supernatant was subjected to the Seer Proteograph Assay protocol [36]. After the 272 
samples were loaded onto the SP100 Automation Instrument, they were subjected to 273 
protein corona formation and processing to generate desalted purified peptides protein 274 
identification using Reversed Phase (RP) Liquid Chromatography coupled to Mass 275 
spectrometry (LC-MS). To form the protein corona, Seer’s proprietary nanoparticles 276 
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(NPs) were mixed with the samples and incubated at 37°C for 1 hr. Unbound proteins 277 
were removed prior to downstream wash, reduction, alkylation, and protein digestion 278 
steps which were performed according to Seer’s Proteograph Assay protocol [36]. 279 
 LC-MS configuration. Peptides obtained from each of the five NP mixtures were 280 
separately reconstituted in a solution of 0.1% formic acid and 3% acetonitrile [37] spiked 281 
with 5 fmol μL PepCalMix from SCIEX (Framingham, MA, USA). Reconstitution volumes 282 
varied NPs to allow for constant peptide quantity for MS injection between samples 283 
regardless of starting volume (240 ng: NP1, 400 ng: NP2, 360 ng: NP3, 120 ng: NP4, 284 
and 320 ng: NP5). 4 µL of each sample were analyzed with a Ultimate3000 RLSCnano 285 
LC system coupled with a Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher; 286 
Waltham, MA, USA). Peptides were loaded on an Acclaim PepMap 100 C18 (0.3 mm ID 287 
× 5 mm) trap column and then separated on a 50 cm μPAC analytical column 288 
(PharmaFluidics, Belgium) at a flow rate of 1 μL/min using a gradient of 5–25% solvent 289 
B (100% ACN) mixed into solvent A (100% water) over 26 min. The mass spectrometer 290 
was operated in Data Independent Acquisition mode using 10 m/z isolation windows 291 
from 380-1200 m/z and 3 s cycle time. MS1 scans were acquired at 60k resolution and 292 
MS2 at 30k resolution. 293 
 Data Processing. Data-independent acquisition LC-MS data were processed 294 
using Proteograph Analysis Suite (PAS) v2.1 (Seer, Inc) using the DIA-NN search 295 
engine (version 1.8.1) in library-free mode searching MS/MS spectra against an in silico 296 
predicted library based on Uniprot’s Homo Sapiens reference database 297 
(UP000005640_9606, download December 9th, 2022). Library free search parameters 298 
included trypsin, 1 missed cleavage, N-terminal Met excision, fixed modification of Cys 299 
carbamidomethylation, peptide length of 7-30 amino acids, precursor range of 300-1800 300 
m/z, and fragment ion range of 200-1800 m/z. Heuristic protein inference was enabled, 301 
MS1 and MS2 mass accuracy was set to 10 ppm. Precursor FDR was set to 0.01, and 302 
PG q-value was set to 0.01. Quantification was performed on summed abundances of 303 
all unique peptides considering only precursors passing the q-value cutoff. PAS 304 
summarizes all nanoparticle values for a single protein into a single quantitative value. 305 
Specifically, a single protein may have been measured up to five times, once for each 306 
nanoparticle. To derive the single measurement value, PAS uses a maximum 307 
representation approach, whereby the single quantification value for a particular peptide 308 
or protein group represents the quantitation value of the NP which most frequently has 309 
measured any given proteins across all samples. The relative abundances of protein 310 
targets were obtained by normalizing raw spectral values for each identified protein to 311 
total spectra within-participant. After normalization, for proteins that were not detected, 312 
values were set at zero with the assumption the protein was in low abundance or not 313 
detected. 314 
 An a priori systematic search was performed to filter the number of proteins used 315 
for the current analysis. Specifically, Gene Ontology (GO; http://geneontology.org, [38]) 316 
and UniProt (https://www.uniprot.org/, [39]) were used to search terms “denervation”, 317 
“response to denervation involved in regulation of muscle adaptation” (GO:0014894), 318 
“neuromuscular junction” (GO:0031594), “neuromuscular junction development” 319 
(GO:0007528), “skeletal muscle innervation”, “axonogenesis involved in innervation” 320 
(GO:0060385), “skeletal muscle tissue regeneration” (GO:0043403), “axon 321 
regeneration” (GO:0031103), “aging”, “cellular senescence” (GO:0090398), “replicative 322 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560958doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560958
http://creativecommons.org/licenses/by/4.0/


9 
 

senescence” (GO:0090399), “positive regulation of cellular senescence” (GO:2000774), 323 
or “senescent cells”. After the list was finalized, proteins belonging to these GO terms 324 
were manually interrogated. This approach yielded 65 proteins, with 46 being related to 325 
muscle-nerve communication and 19 being related to cellular senescence.  326 
 327 
SASP protein detection in muscle tissue 328 
 Sarcoplasmic protein isolates (80 µg protein) from the trained leg of a subset of 329 
MA participants (n=13) and younger participants (n=5) were subjected to a customized 330 
antibody-based fluorometric array containing SASP proteins (RayBiotech; Peachtree 331 
Corners, GA, USA; Cat. No.: AAH-CYT-G5-4). Samples were diluted 80 µg of total 332 
protein in 120 µl of blocking buffer and added into the array to incubate for two hours. 333 
After washing, the arrays were incubated first, with a biotin-conjugated anti-cytokine 334 
antibody mix and then a 555 streptavidin-fluorophore, both for two hours. All incubations 335 
were performed at room temperature with gentle rotation and washes before the next 336 
step. The array was then read using an MDC GenePix 4200A Microarray Scanner 337 
(Molecular Devices; San Jose, CA, USA). Expression readings for each SASP marker 338 
were calculated as follows (Equation 1): 339 
 340 
Equation 1.  341 
 342 

SASP protein expression =  
protein duplicate median − neg. control replicate median

positive control replicate median
 343 

 344 
Zeros were substituted for proteins that yielded negative values (i.e., the signal was less 345 
than the negative control). All data are presented as relative expression units. 346 
 347 
Immunohistochemistry 348 

Due to sample quality issues, n=20 MA participants (55±8 years old, n=15 349 
females, n=5 males) and n=11 Y participants (23±4 years old, n=6 females, n=5 males) 350 
were used for immunohistochemistry. OCT-preserved samples were sectioned at 7 µm 351 
thickness using a cryotome (Leica Biosystems; Buffalo Grove, IL, USA) and adhered to 352 
positively charged slides. Participants’ trained and untrained leg muscle samples were 353 
placed on the same slides, as well as the PRE and POST sections to avoid batch-to-354 
batch variation. Sections were then stored at -80°C until various staining procedures 355 
described in the following paragraphs. 356 

The following methods were employed for the detection of denervated myofibers, 357 
fiber type-specific cross-sectional areas (fCSA) and myonuclei quantification. Slides 358 
were air-dried for 90-120 minutes prior to a 10-min acetone incubation at -20oC. Slides 359 
were then incubated with 3% H2O2 for 10 minutes at room temperature followed by an 360 
incubation with autofluorescence quenching reagent for 1 min (TrueBlack; biotium, 361 
Fremont, CA, USA). Next, a block containing 5% goat serum, 2.5% horse serum, and 362 
0.1% Triton-X was applied and incubated for 1 h at room temperature. Another block 363 
was applied with streptavidin and then biotin solutions (Streptavidin/Biotin Blocking Kit, 364 
Vector Labs; Newark, CA, USA; Cat. No.: SP2002) at room temperature for 15 min 365 
each. Following blocking, slides were incubated overnight at 4oC with a primary 366 
antibody cocktail of NCAM (mouse IgG1, 1:50, Developmental Studies Hybridoma 367 
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Bank; Iowa City, IA, USA; Cat. No. 5.1H11), myosin heavy chain I (mouse IgG2b, 1:100, 368 
Developmental Studies Hybridoma Bank; Cat. No. BA-D5-c), dystrophin (rabbit IgM, 369 
1:100, GeneTex; Irvine, CA, USA; Cat. No.: GTX59790), and 2.5% horse serum in PBS. 370 
The next day, sections were incubated for 90 min in secondary biotin solution (anti-371 
mouse IgG1, 1:1000, Jackson ImmunoResearch; West Grove, PA, USA), followed by a 372 
60-min incubation with a secondary cocktail containing AF647 anti-mouse IgG2b (1:200, 373 
Thermo Fisher Scientific; Cat. No.: A21242), AF555 anti-rabbit IgM (1:200, Thermo 374 
Fisher Scientific; Cat. No.: A21428), and Streptavidin, AF488 Conjugate (1:500, Thermo 375 
Fisher Scientific; Cat. No.: S32354). Lastly, slides were stained with 1:10,000 DAPI 376 
(4’,6-diamidino-2-phenylindole, Thermo Fisher Scientific; Cat. No.: D3571) for 10 min at 377 
room temperature before coverslips were applied with PBS and glycerol (1:1) as 378 
mounting medium. Between each step, slides were washed in 1x phosphate buffered 379 
saline (PBS). 380 
 For quantification of satellite cells (Pax7+) and p21+ cells, a similar protocol was 381 
used. However, following the streptavidin and biotin block, the slides were incubated 382 
overnight at 4oC with a primary antibody cocktail of Pax7 (mouse IgG1, 1:20, 383 
Developmental Studies Hybridoma Bank) and 2.5% horse serum in PBS. The following 384 
day, slides were incubated for 90 min in secondary biotin solution (anti-mouse IgG1, 385 
1:1000, Jackson ImmunoResearch), followed by a 60-min incubation with secondary 386 
streptavidin (1:500, SA-HRP, Thermo Fisher Scientific; Cat. No.: S-911), and a 20-min 387 
incubation with TSA-555 (1:200, Thermo Fisher Scientific, Cat. No.: B-40957). Next, a 388 
block containing 5% goat serum, 2.5% horse serum, was applied, and incubated for 1 h 389 
at room temperature. Similar steps from the fCSA/myonuclei/NCAM stain were applied 390 
except that the primary antibody cocktail included p21 (rabbit IgG, 1:200, Abcam; 391 
Cambridge, MA, USA; Cat. No. ab109199), dystrophin (mouse IgG2b, 1:100, 392 
Developmental Studies Hybridoma Bank; Cat. No. Mandys8 (8H11), and 2.5% horse 393 
serum in PBS. The next day sections were incubated for 90 min in secondary biotin 394 
solution (anti-rabbit IgG, 1:1000, Jackson ImmunoResearch) followed by a 60-min 395 
incubation with a secondary cocktail containing AF647 anti-mouse IgG2b (1:200) and 396 
Streptavidin, AF488 Conjugate (1:500). Again, slides were stained with 1:10,000 DAPI 397 
for 10 min at room temperature before coverslips were applied with PBS and glycerol 398 
(1:1) as mounting medium. 399 
 The last IHC performed was for quantification of p16+cells. The staining protocol 400 
was identical to the satellite cell and p21 staining protocol except that the primary 401 
cocktail containing p21 (rabbit IgG, 1:200, Abcam; Cambridge, MA, USA, ab109199), 402 
was substituted for p16 (rabbit IgG, 1:200, Abcam; Cambridge, MA, USA, ab51243).  403 
 Immediately following the mounting procedure for each stain, slides were imaged 404 
using a fluorescent microscope (Nikon Instruments, Melville, NY, USA) with the 20x 405 
objective lens. Four to six fields of view were captured per participant time point. fCSA 406 
and myonuclear number were analyzed using open-sourced software MyoVision [40]. 407 
Satellite cells, p21+ cells, and p16+ cells were manually quantified using Nikon NIS 408 
elements software (Nikon Instruments) and reported as number per 100 fibers.  409 
 410 
Statistical analysis 411 

Statistical analyses were performed using SPSS (Version 26; IBM SPSS 412 
Statistics Software, Chicago, IL, United States). Prior to analysis, normality was 413 
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assessed on all dependent variables using the Shapiro–Wilk’s test. All comparisons 414 
between MA and Y participants were analyzed using independent samples t-tests (for 415 
normally distributed data) or Mann-Whitney U-tests (for non-normally distributed data). 416 
Dependent samples t-tests were used for proteomic and SASP protein data to assess if 417 
training altered targets in MA participants, and Wilcoxon signed-rank tests were used for 418 
non-normally distributed data. All other variables were analyzed using multi-factorial 419 
(within-within) two-way (leg*time) repeated measures ANOVAs (or Freidman’s tests for 420 
non-normally distributed data), and in the event a significant interaction was observed 421 
(p<0.05), the model was decomposed for within- and between-leg comparisons at PRE 422 
and POST using parametric or non-parametric post hoc tests. Statistical significance 423 
was established at p<0.05. Eta square (η2) effect sizes are also provided for certain 424 
between-group comparisons and interactions, and effect size ranges were classified as 425 
follows: <0.06 = small effect, 0.06–0.14 moderate effect, and >0.14 large effect. All data 426 
herein are presented in figures and tables as means ± standard deviation values, and 427 
figures (aside from proteomic and SASP data) also present individual respondent 428 
values. 429 
 430 
RESULTS 431 
Participant characteristics 432 

Baseline participant characteristics can be found in Table 2. Briefly, 26 433 
participants (55±8 years old, n=17 females, n=9 males) completed the eight weeks of 434 
unilateral knee extensor resistance training, and general phenotype and training 435 
outcomes were collected for all these participants. However, as previously stated, only 436 
20 MA participants yielded muscle samples suitable for histology (55±8 years old, n=15 437 
females, n=5 males), and deep proteomics was performed for only 18 MA participants’ 438 
PRE- and POST-intervention trained leg due to resource constraints (55±8 years old, 439 
n=14 females, n=4 males). A subset of the fifteen Y participants (22±4 years old, n=9 440 
females, n=6 males) were included for age comparison purposes. While estradiol levels 441 
in the Y females was numerically greater than the MA females, this was non-significant 442 
(502 ± 95 pg/mL versus 539 ± 119 pg/mL, p=0.465). This trend held with the removal of 443 
the four MA females on menopausal treatment prescriptions (p=0.155). Eleven of these 444 
15 Y participants (23±4 years old, n=6 females, n=5 males) yielded tissue adequate for 445 
IHC comparisons to the 20 MA participants, and muscle tissue from 9 of these 15 Y 446 
participants (22±2 years old, n=7 females, n=2 males) were used for proteomic 447 
comparisons to the MA participants. Besides age (p<0.001), there were no significant 448 
differences in general anthropometrics between the 26 MA and 15 Y participants.  449 
 450 
Table 2. Participant characteristics 451 
Variable MA (n=26)  Y (n=15) p-value 
Age (years) 55±8 23±4 <0.001 
Height (cm) 168.3±10.4 171.9±5.9 0.223 
Body Mass (kg) 73.5±14.8 73.7±11.1 0.966 
Percent Body Fat (%) 28.9±8.6 30.38±9.5 0.609 
Fat Mass (kg) 21.4±7.9 22.9±9.1 0.574 
Fat Free Mass (kg) 52.2±12.1 48.7±7.4 0.323 
BMI (kg/m2) 25.8±3.8 25.0±3.4 0.464 
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Fiber Type I (%)* 46.9±15.3 40.7±13.9 0.361 
Fiber Type II (%)* 53.1±15.3 59.3±13.9 0.259 

Legend: Data are presented as means ± standard deviation values. Abbreviation: MA, 452 
middle-aged participants; Y, younger participants. *, indicates data is from 20 MA 453 
participants and 11 Y participants.  454 
 455 
General Training Adaptations 456 
 Figure 1 depicts PRE and POST data in MA participants and basal state data in 457 
Y participants for VL mCSA, leg extension peak torque, and VL fCSA. While there was 458 
a significant leg (L) (p=0.047, ƞ2=0.174) and time (T) effect (p=0.048, ƞ2=0.067), there 459 
was not a significant leg x time (LxT) interaction for VL mCSA (trained leg: 20.19±5.20 460 
cm2 to 20.64±5.03 cm2, untrained leg: 19.62±5.03cm2 to 19.62±5.05cm2, p=0.082, 461 
ƞ2=0.116, Fig. 1a). Additionally, there were no significant differences in values between 462 
MA and Y participants at any time point. A Friedman test was conducted to assess 463 
differences in leg extension peak torque across the groups. The test yielded a 464 
significant result (p=0.005), and Wilcoxon tests indicated significantly greater values in 465 
the trained leg after training (p<0.001) as well as the trained versus untrained leg at the 466 
post-intervention time point (p=0.011). However, there was no significant difference 467 
between MA and Y participants at any time point. Next, there were no significant effects 468 
of L, T, or LxT in type I (L: p=0.101; T: p=0.328; LxT: p=0.906, Fig. 1e), type II (L: 469 
p=0.923; T: p=0.195; LxT: p=0.437, Fig. 1f), or mixed fCSA (L: p=0.403; T: p=0.344; 470 
LxT: p=0.549, Fig. 1g). While type I fCSA yielded no significant differences between MA 471 
and Y participants at any time point, type II fCSA was significantly lower at all times in 472 
MA versus Y participants (p=0.005-0.017), and mixed fCSA was significantly lower only 473 
in the POST trained leg (p=0.035). Lastly, there were no significant effects of L, T, or 474 
LxT for average myonuclei for type I fibers (L: p=0.461; T: p=344; LxT: p=0.563) or type 475 
II fibers (L: p=0.451; T: p=0.420; LxT: p=0.209) (data not graphed). In addition, MA 476 
compared to Y participants had significantly more myonuclei per type I fibers in both 477 
legs at PRE (p=0.035 for both) but not at POST, or in type II fibers at PRE or POST 478 
(data not graphed). 479 
 480 

INSERT FIGURE 1 HERE 481 
 482 

Denervated myofibers  483 
 For NCAM+ fiber quantification, a total of 184±78 and 162±67 fibers were 484 
counted prior to the eight weeks and 187±88 and 183±67 fibers after eight weeks for the 485 
trained and untrained legs, respectively. A Friedman test indicated that the percent of 486 
NCAM+ fibers in MA participants was not significantly different between legs for mixed 487 
(p=0.180, Fig. 2a), type I (p=0.061, Fig. 2b), or type II fibers (p=0.865, Fig. 2c). 488 
Interestingly, for both mixed NCAM+ fibers and NCAM+ type I fibers, the percentage of 489 
PRE trained (p≤0.006) and POST untrained leg (p≤0.010) were significantly higher than 490 
the Y cohort according to Mann-Whitney U tests. In contrast, only the POST trained leg 491 
was significantly higher than the Y cohort for percentage of type II NCAM+ fibers 492 
(p=0.022) according to a Mann-Whitney U test. 493 
 494 

INSERT FIGURE 2 HERE 495 
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 496 
Satellite Cells and Senescent Cells 497 
 A significant LxT interaction was evident for satellite cells (trained leg: 7.9±3.4 to 498 
10.4±6.0 cells/100 fibers; untrained leg: 8.5±4.2 to 8.2±1.8 cells/100 fibers, p=0.037, 499 
ƞ2=0.209, Fig. 3a). While PRE to POST values significantly increased in the training leg 500 
(p=0.020), POST values between legs were not significantly different (p=0.091). 501 
Additionally, satellite cell number for both MA participant legs at PRE and the untrained 502 
leg at POST were significantly lower (p≤0.018) than the Y cohort, but the values in the 503 
POST training leg were not (p=0.073). For p21+ cell quantification, a total of 206±79 504 
and 189±69 fibers were counted prior to the eight weeks and 201±70 and 210±82 fibers 505 
after eight weeks for the trained and untrained legs, respectively. The Friedman test 506 
indicated the total number of p21+ cells in MA participants (both Pax7+ and Pax7-) was 507 
not significant between legs (p=0.138, Fig. 3b). However, compared to the Y cohort, 508 
Mann-Whitney U tests indicated that there was a significantly greater number of these 509 
cells in both legs, at both timepoints (p≤0.021). For p21+ satellite cells (p21+/Pax7+) in 510 
MA participants, a Friedman test revealed there was no significant effect between legs 511 
(p=0.162, Fig. 3e). Again, compared to the Y cohort, there was a significantly greater 512 
amount of these cells in both legs, at both timepoints (p≤0.036). For p16+ cell 513 
quantification, a total of 187±55 and 178±56 fibers were counted prior to the eight 514 
weeks and 204±55 and 203±69 fibers after eight weeks for the trained and untrained 515 
legs, respectively. The Friedman test was conducted for the total number of p16+ cells 516 
in MA participants and showed that there was a significant effect between legs 517 
(p=0.002, Fig. 3c). A Wilcoxon test indicated that these cells were significantly greater 518 
after training compared to the pre-training values in the trained leg (p=0.035). A 519 
Friedman test was also conducted to assess p16+ satellite cells (p16+/Pax7+) across 520 
legs in MA participants. The test yielded a significant result (trained leg: 0.42±0.91 to 521 
1.07±1.34 cells/100 fibers; untrained leg: 0.90±1.28 to 1.47±1.55 cells/100 fibers, 522 
p<0.001, Fig. 3f), and a Wilcoxon test indicated that these cells were significantly 523 
greater after training compared to the pre-training values in the trained leg (p=0.015). At 524 
no time or leg was there a significant difference between MA and Y participants for this 525 
phenotype.   526 
 527 

INSERT FIGURE 3 HERE 528 
 529 

Given the high number of p16+ and p21+ cells that co-localized with Pax7, we opted to 530 
provide a depiction of the percentage of senescent cells that were satellite cells (and 531 
vice versa) for Y and MA participants (trained leg only) (Fig. 4).  Interestingly, while 532 
>90% satellite cells were not p16+ or p21+, most of the p16+ and p21+ cells co-533 
localized with Pax7 (>90% on average in both MA time points and Y) indicating that 534 
most of the senescent cells were satellite cells in both age cohorts. 535 

 536 
INSERT FIGURE 4 HERE 537 

 538 
Potential Sex Differences 539 
 While the number of male participants was small, we did perform exploratory 540 
post hoc three-way repeated measures ANOVAs on VL mCSA, leg extensor peak 541 
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torque and histology outcomes (NCAM+ fibers, fCSAs, satellite cells, p16+/p21+ cells) 542 
to examine whether any sex-specific differences existed. The only significant interaction 543 
was a leg-by-time-by-sex interaction for percent type II NCAM+ myofibers in the trained 544 
leg only whereby PRE to POST change scores were lower in MA females versus males 545 
(females: -0.32±1.38%, males: 2.71±2.88%; p=0.014). Notably, these comparisons 546 
were not performed for proteomics, or the SASP protein array data given that data from 547 
fewer than 5 males were available for those variables. 548 
 549 
Changes in sarcoplasmic proteins related to muscle-nerve communication  550 

The sarcoplasmic proteins related to muscle-nerve interaction are shown in 551 
Table 3. Of the 47 proteins, 13 significantly changed with training (all upregulated), 18 552 
were significantly different prior to training compared to the Y cohort, and 20 were 553 
significantly different after training compared to the Y cohort.  554 
 555 
Table 3. Expression of sarcoplasmic proteins related to muscle-nerve communication  556 

Gene name Protein name MA PRE MA POST Y 

Denervation 
NCAM1 Neural Cell adhesion molecule   4.9±2.6    6.8±4.0* 5.6±6.6 
HDAC4 Histone deacetylase 4   6.3±1.6  10.5±4.6*  6.4±2.2† 
CASQ1 Calsequestrin-1 2219±711 1949±705 1261±292#† 
NEDD4 E3 ubiquitin-protein ligase NEDD4 13.2±2.6 14.6±3.6 12.7±2.5 
DAG1 Dystroglycan 1 13.7±3.2 14.4±4.7 12.4±3.3 
SGCA Alpha-sarcoglycan 26.1±5.3 26.5±8.5 27.4±7.3 
DMD Dystrophin 18.2±5.3 16.5±4.9 16.9±4.7 
FBXO30 F-box only protein 30   0.6±0.3    1.0±0.4*   0.7±0.4 
FBXO40 F-box only protein 40   3.8±1.4  3.6±1.3     2.6±1.0#† 
FBXO21 F-box only protein 21   2.5±0.7  2.6±0.7     1.6±0.4#† 
NES Nestin   5.1±1.1    6.6±2.3*   4.9±2.0 

Neuromuscular Junction 
DLGAP4 Disks large-associated protein 4 7.7±2.2 8.0±2.4 6.1±1.2 
CD2AP CD2-associated protein 5.9±2.0 7.1±2.0 5.8±1.5 
DES Desmin 99.6±16.7 99.4±28.5 80.1±20.8# 
PRKACA cAMP-dependent protein kinase catalytic 

subunit alpha 80.6±29.4 68.0±32.1 101±27† 

DLG1 Disks large homolog 1 5.3±1.9 5.8±1.6 3.6±0.9# 
CRKL Crk-like protein 53.1±11.4   

64.7±18.0* 
57.0±11.3 

CRK Adapter molecule crk 7.6±1.9 10.4±2.6* 8.0±1.6† 
ANK3 Ankyrin-3 15.1±4.6 13.8±3.6 9.2±2.8#† 
LAMB2 Laminin subunit beta-2 9.1±3.2 11.7±5.0 10.0±4.5 
CDH15 Cadherin-15 11.2±3.0 12.3±3.5 9.4±2.2† 
ACHE Acetylcholinesterase 2.1±0.7 2.4±1.0 1.5±0.5#† 
UTRN Utrophin  1.6±0.4 2.1±0.6* 1.5±0.4† 
PRKAR1A cAMP-dependent protein kinase type I-

alpha regulatory subunit 117±39 116±53 88.3±34.1# 

SNTA1 Alpha-1-syntrophin 33.0±7.7 34.0±13.2 32.7±7.6 

Neuromuscular Junction Development 
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FNTA Protein farnesyltransferase/ 
geranylgeranyltransferase type-1 subunit 
alpha 

7.9±2.7 12.3±3.5* 11.4±1.7# 

GPHN Gephyrin 18.0±4.2 18.8±5.7 14.5±2.5#† 
DOK7 Docking Protein 7 9.3±3.6 9.6±3.0 7.8±2.2 
AGRN Agrin 1.6±0.6 1.9±0.8 1.8±0.8 
CACNA1S Voltage-dependent L-type calcium channel 

subunit alpha-1S 44.6±15.9 49.3±21.4 32.9±10.4† 

CACNB3 Voltage-dependent L-type calcium channel 
subunit beta-3 18.0±5.6 17.1±5.3 15.1±1.9 

DCTN1 Dynactin subunit 1 34.1±7.2 38.8±11.2 26.4±6.5#† 
Innervation 

LRIG1 Leucine-rich repeats and immunoglobulin-
like domains protein 1 0.8±0.3 0.9±0.4 0.8±0.2 

NRP1 Neuropilin-1 3.1±1.1 4.7±1.8* 3.7±1.6 
Skeletal muscle tissue regeneration 

PPP3CA Protein phosphatase 3 catalytic subunit 
alpha 27.4±5.7 32.1±11.6 30.0±7.3 

KPNA1 Importin subunit alpha-5 56.4±10.7 59.2±16.4 54.3±11.3 
MTPN Myotrophin 2.6±1.6 7.4±13.8* 5.8±4.2# 
GPX1 Glutathione peroxidase 1 83.8±47.1 83.2±47.0 34.5±15.3#† 
CD81 CD81 antigen 14.6±3.7 14.1±4.4 10.4±2.8#† 
ANXA1 Annexin A1 7.4±3.5 6.2±4.3 4.5±2.2# 

Axon Regeneration 
TSPO Translocator protein 456±201 433±274 197±87#† 
MAP1B Microtubule-associated protein 1b 5.3±1.4 7.8±3.3* 6.6±3.9 
GRN Progranulin 1.9±0.9 2.6±1.5 1.2±0.8#† 

Axon Guidance 

TUBB3 Tubulin beta-3 chain 2.1±0.7 3.5±1.6* 2.0±0.8† 
MYPN Myopalladin 7.6±2.4 8.6±2.7 5.4±1.6#† 
CDK5 Cyclin-dependent kinase 5 11.3±1.7 14.7±3.6* 11.6±3.6† 

Legend: Values for proteins of interest are presented as mean ± standard deviation 557 
values for 18 middle-aged (MA) participants (trained leg only) and 9 younger (Y) 558 
participants. Symbols: *, indicates a significant difference (p<0.05) from PRE to POST 559 
with in MA participants; #, indicates a significant difference between MA participants at 560 
PRE and Y participants; †, indicates a significant difference between MA participants at 561 
POST and Y participants. 562 
 563 
Changes in sarcoplasmic proteins related to cellular senescence  564 
 There were 15 proteins of interest related to “cellular senescence” that were 565 
identified (Fig. 5). Eight of the 15 proteins were significantly altered with training 566 
(MAP2K1: 38.5±11.6 to 49.7±20.7, p=0.048; MAP2K3: 68.7±15.4 to 94.7±32.3, 567 
p=0.006; MAP2K4: 11.3±2.0 to 13.8±3.9, p=0.031;  MAP2K6: 33.6± 8.1 to 51.3±25.5, 568 
p=0.012; MIF: 27.9±11.0 to 18.1±7.4, p=0.004; GLB1: 1.6±0.5 to 2.4±1.3, p=0.006;  569 
DNAJA3: 14.3±6.8 to 17.5±6.7, p=0.026; PML: 3.4±0.8 to 4.0±1.2, p=0.034). Prior to 570 
training, 6 of the 15 proteins were significantly different in MA versus Y participants 571 
(MAP2K1: 38.5±11.6 versus 62.3±18.1, p<0.001; MAPK14: 20.5±5.4 versus 30.4±7.8, 572 
p<0.001; NPM1: 36.0±15.9 versus 14.8±7.3, p<0.001; NUP62: 5.2±2.5 versus 3.2±0.9, 573 
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p=0.014; DNAJA3: 14.3±6.8 versus 9.4±3.9, p=0.040). After training, 6 of the 15 574 
proteins were significantly in MA versus Y participants (MAP2K6: 51.3±25.5 versus 575 
32.4±7.5, p=0.035; NPM1: 39.2±18.3 versus 14.8±7.3, p<0.001; NUP62: 5.2±1.4 versus 576 
3.2±0.9, p=0.001; CALR: 137±35 versus 113±18, p=0.026; DNAJA3: 17.5±6.7 versus 577 
9.4±3.9, p=0.003; PML: 4.0±1.2 versus 3.1±0.5, p=0.025). Lastly, two search terms 578 
“Replicative senescence” and “Positive regulation of cellular senescence”, were not 579 
included in Figure 4, but are shown in Table 3 below.  580 
 To further interrogate whether cellular senescence was upregulated with training, 581 
we entered the seven proteins from the “cellular senescence” pathway that were 582 
upregulated, into PANTHER pathway analysis (MAP2K1, MAP2K3, MAP2K4, MAP2K6, 583 
GLB1, DNAJA3, PML) [41] and performed the PANTHER Overrepresentation Test 584 
whereby Fisher’s Exact and False Discovery Rate was calculated [42]. The test 585 
indicated that “cellular senescence” was predicted to be >100-fold upregulated (raw p-586 
value = 5.99 x 10-15, FDR = 9.35 x 10-11). 587 

 588 
INSERT FIGURE 5 HERE 589 

 590 
Table 4. Expression of other sarcoplasmic proteins related cellular senescence 591 

Gene name Protein name MA PRE MA POST Y 

Replicative senescence 
MME Neprilysin 15.9±6.6 18.4±5.5 23.2±12.3# 
ROMO1 Reactive oxygen species modulator 1 423±201 388±238 148±55#† 

Positive regulation of cellular senescence 
EEF1E1 Eukaryotic translation elongation factor 1 

epsilon-1 4.2±1.1 5.5±2.1* 3.1±1.1#† 

B2M Beta-2-microglobulin 5.4±2.3 7.3±3.0* 3.8±1.0† 
Legend: Data presented as mean ± standard deviation values from n=18 middle-aged 592 
(MA) participants (55±8 years old, n=14 females, n=4 males) and n=9 younger 593 
participants (22±2 years old, n=7 females, n=2 males). Symbols: *, indicates a 594 
significant difference (p<0.05) from PRE to POST in MA participants; #, indicates a 595 
significant difference between MA participants at PRE and younger (Y) participants; †, 596 
indicates a significant difference between MA participants at POST and Y participants. 597 
 598 
Changes in SASP protein expression 599 
Based on comprehensive reviews [43, 44], 17 of the 160 targets provided by the 600 
antibody array were interrogated as SASP targets of interest (MCP-1, Osteopontin, IL-601 
1α/-6/-8/-10, GM-CSF, GRO-a, IFN-g, MCSF, RANTES, HGF, IGFBP3/4, TGFβ1/2, and 602 
VEGF; Figure 6). One of the 17 SASP proteins were significantly altered with training in 603 
MA participants (IGFBP-3: 0.546±1.076 to 1.257±2.024, p=0.031). Prior to training, no 604 
SASP proteins were significantly different in MA versus Y participants. After training, 605 
two of the 17 SASP proteins were significantly different in MA versus Y participants 606 
(IGFBP-3: 1.257±2.024 versus 0.091±0.204, respectively; p=0.048; Osteopontin: 607 
1.253±1.636 versus 0.185±0.258, respectively; p=0.025). 608 

 609 
INSERT FIGURE 6 HERE 610 

 611 
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DISCUSSION 612 
We sought to examine if denervated myofibers, senescent cells, and associated 613 

protein markers in MA individuals were affected with eight weeks of unilateral knee 614 
extensor resistance training, and whether training restores these markers to “youth-like” 615 
levels. Our primary findings are as follows: i) despite age-related differences in 616 
denervated myofiber content, resistance training did not affect this variable, ii) training 617 
did not alter p16+ and p21+ cell content or most SASP proteins, albeit training did 618 
increase several senescence-associated proteins, iii) training increased satellite cell 619 
content in the absence of myofiber hypertrophy, iv) there were more p21+ cells in MA 620 
compared with Y participants, and v) although most satellite cells were not senescent, 621 
most senescent cells were satellite cells. Finally, the applied and cellular responses 622 
seemed to be largely conserved between sexes, albeit limited sample size for males 623 
require more validation research in this regard.  624 

The current literature is mixed as to whether exercise training can affect NCAM+ 625 
myofibers in older adults. Our null findings in the current study are congruent with other 626 
studies [15, 17], albeit one study has indicated that the area occupied by NCAM+ 627 
myofibers in muscle sections is reduced with resistance training [16]. Although we did 628 
not observe a training effect, it is interesting that the percentage of mixed and type I 629 
NCAM+ fibers were significantly greater at PRE in the trained leg of MA versus Y 630 
participants. Further, unlike PRE values, values of NCAM+ myofibers (both total and 631 
type I) in the trained leg at POST were not significantly different from the Y cohort. Also 632 
notable, several proteins related to muscle-nerve communication were upregulated in 633 
the trained leg of MA participants. We interpret these collective findings to suggest that, 634 
had the training intervention been longer or perhaps more intense, resistance training 635 
may have increased type I (but not type II) fiber innervation. This is a plausible 636 
hypothesis given that various reports indicate that active, MA individuals possess larger 637 
type I fibers relative to inactive counterparts while also possessing a greater degree of 638 
fiber type grouping, alluding to a greater degree of reinnervation [9, 45]. However, 639 
Soendenbroe et al. [17] recently reported that a training intervention that was twice as 640 
long in duration compared to the current study and had participants perform two 641 
additional leg exercises per session did not affect the number of NCAM+ fibers. Hence, 642 
it is currently unclear how shorter-term resistance training affects myofiber denervation, 643 
and more studies in both middle-aged and older participants are needed to draw more 644 
definitive conclusions.  645 

Senescent cell number has been reported to be higher in aged skeletal muscle 646 
[25], and recent research interest has investigated how exercise affects this phenotype 647 
[46, 47]. While numerous studies have shown a decrease in senescent markers with 648 
exercise [21, 22, 48-50], our results suggest training does not affect p16+ or p21+ cells 649 
in skeletal muscle. There was an age effect with p21+ satellite cells whereby the MA 650 
participants had a significantly higher abundance compared to the younger cohort in 651 
both legs prior to and following the training intervention. Past reports have indicated that 652 
senescent cells are not altered or increase with mechanical overload [51-53]. However, 653 
it is noteworthy that studies examining p16+ or p21+ senescent cells with exercise have 654 
not indicated whether they are satellite cells. A key finding in our investigation is that 655 
most senescent cells co-localized with Pax7 in both age cohorts. Additionally, satellite 656 
cells increased in the trained leg, and this coincided with several senescent-related 657 
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proteins increasing in the trained leg as well. Another interesting and related finding is 658 
that SASP proteins did not increase in the trained leg of MA participants despite several 659 
senescent proteins increasing, and SASP protein differences between MA and Y were 660 
marginal despite p21+ cells being higher in both legs of MA at all times. While 661 
speculative, we interpret this collective evidence to suggest that senescence signals in 662 
muscle tissue could primarily come from satellite cells, and that the increase in satellite 663 
cells observed with training drove several of the senescence-related protein (but not 664 
SASP protein) responses. This viewpoint is partially supported by a recent review [47] 665 
indicating that the expression of cyclin-dependent kinase inhibitors and other cellular 666 
senescence proteins could generally represent an increase in cell proliferation and 667 
differentiation rather than cellular senescence. This hypothesis may also, in part, 668 
explain why Dungan and colleagues reported a robust increase in p21+ cells 14 days 669 
following an acute resistance exercise bout in younger (21-39-year-old) participants 670 
[27]. Specifically, while the authors did not examine if these cells co-localized with Pax7, 671 
it remains possible that the increase in p21+ and SA β-Gal cells were a portion of the 672 
satellite cell pool that were primed for differentiation.  673 

It is worth discussing the satellite cell findings in the context of other training 674 
adaptations observed in the present investigation. While there are disagreements in the 675 
literature about how aging affects satellite cells [54-59], the current data indicate MA 676 
individuals had fewer satellite cells than younger individuals prior to training. With 677 
training, however, MA participants were able to increase satellite cell numbers back to 678 
youth-like levels, albeit this was not accompanied with increases in fCSA or myonuclear 679 
number. Other studies have demonstrated similar increases in satellite cell content with 680 
resistance training in MA participants, but with mixed hypertrophic outcomes [60, 61]. It 681 
has been previously reported that satellite cell content prior to training (regardless of 682 
age) is linked to different hypertrophy outcomes, which could explain the lack of 683 
myofiber hypertrophy in the current study [62, 63]. In addition to the lack of fCSA 684 
increases with training, the lower number of satellite cells prior to training in MA versus 685 
younger participants could explain why fCSA, specifically type II fCSA, was lower in the 686 
MA participants. While we did not interrogate fiber-type specific satellite cell content, 687 
others have shown that older participants possess significantly less type II fiber-specific 688 
satellite cells which corresponds with smaller type II fCSA [61, 64, 65]. It should also not 689 
be discounted that, while myofiber hypertrophy was not observed in the trained leg of 690 
MA participants, the increase in satellite cells could have acted to facilitate other 691 
adaptations (e.g., connective tissue remodeling) as reported in murine models by Fry 692 
and colleagues [66, 67], and this could have acted to facilitate tissue-level hypertrophy. 693 
Notwithstanding, the current data supports that satellite cells increase with resistance 694 
training and, had training been longer or more rigorous, this may have eventually 695 
translated to an increase in myofiber hypertrophy. 696 

A final topic worthy of discussion is the paradoxical findings between VL mCSA 697 
changes in MA participants’ trained leg (which trended upward) and the numerical 698 
decreases in fCSA values. We have observed this phenomenon on prior occasions with 699 
resistance training interventions [33, 68], and speculate that this is likely due to the 700 
limited number of myofibers sampled with histology. However, it is intriguing that fCSA 701 
values numerically decreased given that our past studies suggested that tissue-level 702 
and myofiber area increases, while not significantly associated, both directionally 703 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.04.560958doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.04.560958
http://creativecommons.org/licenses/by/4.0/


19 
 

increase with resistance training.  Although this is difficult to reconcile, we posit that this 704 
may be due to the mild nature of knee extensor-only resistance training. Alternatively 705 
stated, relatively modest training adaptations were observed, and it is likely that more 706 
robust adaptations would have been observed had participants performed multiple 707 
exercises targeting the knee extensor muscles (e.g., knee extensors, squats, deadlifts, 708 
etc.). 709 

 710 
Limitations 711 
 Our study was not without limitations. First, we pooled MA participants who 712 
consumed a nutritional supplement or placebo over the eight-week intervention. As 713 
stated, the resistance training arm of this protocol was designed to examine the current 714 
research question, and we had no reason to suspect that the outcome variables in the 715 
trained leg would be affected by the supplied supplementation. While we provided 716 
evidence of this in the methods section, readers should be aware of this study design 717 
limitation. It is also worth noting that proteomic data were obtained from tissue 718 
containing mixed myofibers and stromal cells. Single fiber (or single cell) isolation with 719 
downstream proteomics analysis for NCAM+ fiber-specific, or p16+/p21+ cell-specific 720 
protein expression profiles would have provided more insight as to how training affected 721 
the proteins of interest in a cell-specific fashion. Additionally, while we lacked tissue to 722 
perform additional p16/p21 IHC with other cell types may have been insightful (e.g., 723 
fibro-adipogenic cells). The training paradigm was isolated to a single leg, and results 724 
may have differed had multiple leg exercises or full body training been implemented. 725 
Having a younger cohort that trained would have also been beneficial to examine 726 
whether the training adaptations seen with the MA participants were similar in younger 727 
participants. Lastly, there were a limited number of male participants in the study which 728 
limited our power to determine whether sex-specific adaptations existed in MA 729 
participants.  730 
 731 
Conclusions 732 
 In summary, although eight weeks of unilateral leg resistance training did not 733 
affect denervated myofiber or p16+/p21+ senescent cell counts in MA individuals, 734 
several proteins associated with muscle-nerve communication and senescence were 735 
upregulated. We conclude that resistance training either needed to be more vigorous 736 
and/or longer in duration to eventually affect these outcomes or does not affect these 737 
outcomes. Hence, more research is needed in this regard to provide further clarity. We 738 
also provide continued support for the role of resistance training in increasing satellite 739 
cell numbers in MA participants. Finally, most p16+/p21+ senescent cells in the muscle 740 
tissue of younger and MA participants were Pax7+ satellite cells, and SASP proteins 741 
were generally not different between MA and Y participants. Thus, we posit that these 742 
signatures represent the existence of a subpopulation of satellite cells, rather than 743 
proinflammatory SASP-secreting cells, being the primary source of senescent-like cells 744 
in skeletal muscle.  However, again, more insight is needed to validate this hypothesis. 745 
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FIGURES AND LEGENDS 941 
 942 
Figure 1. General training adaptations 943 
 944 

 945 
Legend: Variables presented include vastus lateralis muscle cross-sectional area (a), 946 
leg extensor peak torque at 60°/sec in newton-meters (b), type I fiber cross-sectional 947 
area (e), type II fiber cross-sectional area (f), and mixed fiber cross-sectional area (g). 948 
Panels (a) and (b) contain n=26 middle-aged (MA) participants (55±8 years old, n=17 949 
females, n=9 males) and n=10 Y participants (23±4 years old, n=6 females, n=4 males). 950 
Panels (e-g) contain n=20 MA participants (55±8 years old, n=15 females, n=5 males) 951 
and n=11 Y participants (23±4 years old, n=6 females, n=5 males). Representative 952 
images for fiber cross-sectional area for Y and MA participants are presented in panels 953 
c and d. Data are presented as mean values for PRE and POST intervention MA-954 
trained and MA-untrained leg, and the Y comparator group. Individual responses are 955 
also illustrated, with open circles and squares indicating females and males, 956 
respectively, for the MA-untrained leg and closed circles and squares indicating females 957 
and males, respectively, for the MA-trained leg. Open and closed triangles indicate Y 958 
females and males, respectively.   959 
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Figure 2. Immunohistochemistry for denervated myofibers 960 
 961 

 962 
Legend: Variables presented include percent of mixed fibers that were NCAM+ (a), 963 
percent of type I fibers that were NCAM+ (b), percent of type II fibers that were NCAM+ 964 
(c). Panels a-c contain n=20 middle-aged (MA) participants (55±8 years old, n=15 965 
females, n=5 males) and n=11 Y participants (23±4 years old, n=6 females, n=5 males). 966 
Representative 20x images are presented in panels d-f whereby green arrows depict 967 
NCAM+ myofibers. Data are presented as mean values for PRE and POST MA-trained 968 
and MA-untrained leg, and the Y comparator group. Individual responses are also 969 
illustrated, with open circles and squares indicating females and males, respectively, for 970 
the MA-untrained leg and closed circles and squares indicating females and males, 971 
respectively, for the MA-trained leg. Open and closed triangles indicate Y females and 972 
males, respectively.  973 
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Figure 3. Satellite cells and senescent cells 974 
 975 

 976 
Legend: Variables presented include Pax7+ cells per 100 fibers (a), p21+ cells/100 977 
fibers (b), p21+/Pax7+ (satellite) cells/100 fibers (e), p16+ cells/100 fibers (c), and 978 
p16+/Pax7+ (satellite) cells/100 fibers. Graphs contain n=20 middle-aged (MA) 979 
participants (55±8 years old, n=15 females, n=5 males) and n=11 Y participants (23±4 980 
years old, n=6 females, n=5 males). Data are presented as mean values for PRE and 981 
POST MA-trained and MA-untrained leg, and the Y comparator group. Individual 982 
responses are also illustrated, with open circles and squares indicating females and 983 
males, respectively, for the MA-untrained leg and closed circles and squares indicating 984 
females and males, respectively, for the MA-trained leg. Open and closed triangles 985 
indicate Y females and males, respectively. Representative images are presented in 986 
panels d, and g-i. Target colors in images are as follows: dystrophin (gray, pseudo 987 
color), Pax7 (red), DAPI (blue), and p21 or p16 (green). Arrows in images are as 988 
follows: p21-/Pax7+cells (yellow arrow), p21+ and Pax7-cells (cyan arrow), and 989 
p21+/Pax7+ cells (green arrow) in panels d and g, and p16-/Pax7+cells (yellow arrow), 990 
p16+ and Pax7-cells (cyan arrow), and p16+/Pax7+ cells (green arrow) in panels h and 991 
i.  992 
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Figure 4. Percentage of satellite cells that were senescent cells and vice versa 993 
 994 

 995 
Legend: Figure contains average cell percentages from the trained leg of n=20 middle-996 
aged (MA) participants (55±8 years old, n=15 females, n=5 males) and n=11 Y 997 
participants (23±4 years old, n=6 females, n=5 males). Note: “???”, indicates that the 998 
percentage of p16+ and p21+ cell overlap is unknown given that this stain was not 999 
performed due to the limited number of filters utilized.  1000 
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Figure 5. Expression of sarcoplasmic proteins related to cellular senescence 1001 
 1002 

 1003 
Legend: Data presented as mean ± standard deviation values from n=18 middle-aged 1004 
(MA) participants (55±8 years old, n=14 females, n=4 males) and n=9 Y participants 1005 
(22±2 years old, n=7 females, n=2 males). Data are scaled as log10 values to improve 1006 
visualization. Symbols: *, indicates a significant difference (p<0.05) from PRE to POST 1007 
in MA participants; #, indicates a significant difference between MA participants at PRE 1008 
and Y participants; †, indicates a significant difference between MA participants at POST 1009 
and Y participants.   1010 
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Figure 6. Expression of SASP proteins 1011 
 1012 

 1013 
Legend: (a) A representative array, where each sample was assayed in duplicate. The 1014 
level of SASP protein expression is proportional to fluorescence intensity. SASP 1015 
proteins are labeled and color matched on the right. (b) SASP protein expression data 1016 
presented from n=13 MA participants (58±8 years old, n=3 males, n=10 females) and 1017 
n=5 Y participants (22±1 years old, n=1 males, n=4 females). Symbols: *, indicates a 1018 
significant difference (p<0.05) from PRE to POST in MA participants; †, indicates a 1019 
significant difference between MA participants at POST and Y participants. 1020 
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