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Abstract

Introduction: Cancer-related fatigue and muscle wasting have received significant attention over 

the last few decades with the goal of establishing interventions that can improve cancer patient life 

quality and survival. Increased physical activity (PA) has shown to reduce cancer associated 

fatigue and has been proposed as a promising therapeutic to attenuate cancer induced wasting. 

However, significant gaps remain in our understanding of how PA impacts the compositional and 

functional changes that initiate muscle wasting. The purpose of the current study was to determine 

the effect of wheel exercise on body composition and functional indices of cancer cachexia prior 

to the development of significant wasting.

Methods: Thirteen-week old male ApcMin/+ (MIN) and C57BL/6 (B6) mice were given free 

wheel access (W) or a locked wheel (Sed) for 5 weeks.

Results: Wheel activity was reduced in the MIN compared to B6; however, wheel access 

increased Complex II expression in isolated skeletal muscle mitochondria regardless of genotype. 

Wheel access had no effect on tumor burden or plasma IL-6 in the MIN. MIN-W increased body 

weight and lean mass compared to MIN-Sed, and there was a direct correlation between wheel 

distance and lean mass change. MIN-W increased grip strength and treadmill time to fatigue 

compared to MIN-Sed. Within MIN-W mice, skeletal muscle fatigability was only improved in 

high runners (>60min/day).

Conclusion: Our results suggest there were therapeutic benefits of increased activity related to 

body composition, behavior, and whole body function that were not dependent on exercise 

duration; however, there was an exercise threshold needed to improve skeletal muscle fatigability 

in tumor-bearing mice. Interestingly, wheel access was able to improve compositional and 

functional outcomes without mitigating tumor number or size.
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INTRODUCTION

Reduced volitional activity and increased skeletal muscle fatigue have been reported in 

cancer patients and preclinical tumor models, often preceding or independent of body weight 

and muscle mass changes (1–3). Decreased physical activity (PA) results in increased 

oxidative stress, reduced mitochondrial content, and decreased protein synthesis, which can 

all negatively impact muscle mass, strength, and fatigue resistance (4, 5). In contrast, 

exercise increased skeletal muscle oxidative capacity which was associated with improved 

muscle fatigue resistance in both healthy and diseased conditions (6–9). There is 

unequivocal evidence that PA has systemic wide effects that can benefit an individual’s 

overall health, which includes skeletal muscle alterations, that impact systemic metabolism 

and body mass maintenance (4). Identifying whether fatigue and disuse are causal or a 

consequence of muscle wasting with cancer has eluded investigators likely due to the 

complexity of the syndrome. Moreover, several proposed therapeutics have failed in clinical 

trials due to their inability to improve muscle function (10).

Fatigue and weakness are among the most commonly reported consequences of cancer and 

cancer treatments, which contributes to reduced perceived life quality and poor treatment 

outcomes (11, 12). Cancer-related fatigue (CRF) has been defined as patient perceived 

tiredness, which is not associated with activity status and persists with rest (13). The 

subjectivity of CRF’s definition lacks mechanistic insight; however, the underlying cause 

has been hypothesized to include hypothalamic-pituitary-anterior pituitary (HPA) axis 

dysregulation, elevated proinflammatory cytokines, and skeletal muscle mass loss (13). 

Skeletal muscle fatigue, specifically, has been classically defined as the inability to maintain 

a given force output over time and is dependent on the muscle’s contractile phenotype and 

capacity to generate ATP through glycolytic and oxidative processes (14). Skeletal muscle 

fatigability is highly sensitive to muscle use. Decreased use has been shown to induce 

muscle atrophy, reduce muscle oxidative capacity, and increase muscle fatigability which 

creates a feedback loop that can contribute to the initiation and/or potentiation of cancer-

induced muscle mass loss (1, 15, 16). While our understanding of the drivers regulating 

muscle mass loss has dramatically improved, the role of PA in the etiology of fatigue and 

body compositional changes with cancer remains largely unknown.

The ApcMin/+ (MIN) is an established pre-clinical model of cancer-cachexia characterized 

by the development of intestinal polyps and a slow progressive wasting phenotype (17). 

MIN mice have a nonsense germline mutation in the Adenomatous polyposis coli (Apc) 

gene which predisposes mice to multiple intestinal neoplasia (min) resulting in intestinal 

polyp development. MIN mice begin to develop polyps at 4 weeks of age which continues 

until 12-14 weeks at which time polyp number ceases to increase but polyp size can progress 

(18). Reduced voluntary wheel activity and reduced oxidative metabolism are present 

~14-15 weeks of age, preceding body weight loss which is initiated around 16-18 weeks of 

age (16). We have previously identified exercise’s ability to improve muscle mass, reduce 

polyp number, and reduce the systemic inflammatory environment in the MIN when exercise 

was initiated at 4 weeks of age, prior to the completion of polyp development (19, 20). 

While the cachectic phenotype and muscle’s functional characteristics have been previously 

characterized in the MIN mouse (1, 16, 17), it is still unclear if voluntary exercise, after 
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polyp-development, is sufficient to attenuate skeletal muscle mass loss, fatigability, and 

weakness.

Exercise has been shown to spare muscle mass loss during cancer progression through 

improvements to muscle proteostasis and/or oxidative capacity in several preclinical cancer 

models (21, 22); however, the effects of exercise on whole body and skeletal muscle 

function in tumor-bearing mice has not been investigated. Therefore, the purpose of the 

current study was to determine the effect of wheel exercise on body composition and 

functional indices of cachexia prior to the development of significant wasting in tumor-

bearing mice. A secondary aim of the study was to determine if there was a relationship 

between wheel activity and body compositional and functional changes independent of 

weight loss in male MIN mice. We hypothesized that wheel exercise would improve skeletal 

muscle specific fatigue and would be directly related to wheel distance and duration. 

Additionally, we also hypothesized that MIN mice given wheel access would have improved 

fatigue resistance associated with greater muscle mass and better whole body function. To 

test this hypothesis, male C57BL/6 (B6) and MIN mice were given either free access to 

wheels (W) or a locked wheel (Sed) for 5 weeks. As previously mentioned, MIN polyp 

development is complete by 12-14 weeks at which point the polyps continue to grow in size, 

not number (18). To control for exercise’s effects on polyp development, wheel access was 

initiated between 13-14 weeks, after MIN polyp development. We have previously shown 

that the tibialis anterior (TA), which is primarily type II myofibers, is susceptible to cancer 

and inflammation-induced skeletal muscle dysfunction and a preferential loss of type II 

fibers has been postulated with early cachexia (1, 23). Additionally, the TA is especially 

sensitive to wheel exercise despite being a dorsiflexor (24). Based on these notions, we 

limited our skeletal muscle function analysis to the TA.

METHODS

Animals

Male C57BL/6 (B6) and ApcMin/+ (MIN) mice were originally purchased from Jackson 

Laboratories and bred at the University of South Carolina’s Animal Resources Facility. All 

animals were group housed and kept on a 12:12-h light-dark cycle. Body weights were 

measured weekly, and animals were monitored for signs of distress. Animals were given 

food and water ad libitum throughout the duration of the study. All animals were fasted 5 

hours prior to tissue collection. Mice were anesthetized with a ketamine-xylazine-

acepromazine cocktail, and hindlimb muscles and select organs were carefully dissected and 

snap frozen in liquid nitrogen and stored at −80⁰C. All animal experiments were approved 

by the University of South Carolina’s Institutional Animal Care and Use Committee.

MIN mice share the C57BL/6 background but have a nonsense germline mutation in the 

Adenomatous polyposis coli (Apc) gene which predisposes mice to multiple intestinal 

neoplasia (min) resulting in intestinal polyp development. MIN mice begin to develop 

polyps at 4 weeks of age at develop between 60-100 polyps by 14 weeks of age which is 

maintained throughout their survival (18). The MIN is an established preclinical model of 

familial adenomatous polyposis (FAP) and our lab and others have extensively characterized 

its cachectic phenotype. The 50% survival rate of the MIN is ~17-18 weeks of age (Jackson 
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Laboratories) and therefore experiments were conducted in ~13-18 week old C57BL/6 and 

MIN mice.

Voluntary Wheel Running

Voluntary wheel running was used as an exercise treatment as well as a marker of volitional 

activity and was performed as previously described (16). At 13 weeks of age, B6 and MIN 

mice were individually housed in cages with 9.5-in.-diameter stainless steel wheels 

(MiniMitter, Bend, OR) for 5 weeks. B6 and MIN mice were randomized into 2 additional 

groups with either a fixed wheel (B6-Sed, n=10; MIN-Sed, n=10) or free wheel access (B6-

W, n=9; MIN-W, n=10). Wheel activity was monitored and recorded daily from 13 to 18 

weeks of age. Wheel activity was measured by bicycle computers (Specialized, Morgan Hill, 

CA) with magnetic sensors which calculated average speed, distance, time, and maximum 

speed by sensing 1 full rotation of the wheel in either direction while using the program 

wheel circumference.

Intestinal Polyp Quantification

Intestinal segments were excised, cleaned with PBS, cut into 5 equal segments, and stored in 

10% neutral formalin until tumor count analysis. Intestinal polyps were analyzed after a 

deionized water rinse and 0.1% methylene blue staining. Total polyp counts were performed 

using dissecting micro-scope (model SMZ168, Motic, Xiamen, China) by an investigator 

blinded to the treatment groups as previously described (17). Polyps were categorized as 

>2mm, 1-2 mm, and <1mm in all segments.

Treadmill run to fatigue.

Mice were run on a treadmill to examine time to exhaustion as a measure of whole body 

fatigue. Three days before the fatigue test, mice were acclimated to the treadmill by running 

at a 5% grade for a total of 20 min, with 5 m/min incremental increases in speed starting at 5 

m/min and finishing at 20 m/min. After acclimation, the mice were run on a treadmill until 

complete exhaustion, determined by 2 min of resistance to hand prodding. The fatigue test 

consisted of 5 min at 5, 10, and 15 m/min and 30 min at 20 m/min, and then increased to the 

final speed of 25 m/min until the fatigue was determined.

Grip strength

Combined hindlimb and forelimb rodent grip strength was measured with the Grip Tester 

(Columbus Instruments, Columbus, OH). Mice were placed with all four limbs on a metal 

grid mounted at a 45° angle connected to a force transducer. Mice were pulled by the tail 

until they let go of the grid with all 4 paws. Each mouse went through a series of two sets of 

five repetitions of force measurements, with a 2- to 3-min rest period between each set. The 

highest and the lowest scores from each set of five repetitions were removed and the 

remainders averaged to provide a mean force measurement for each mouse.

RotoRod

Fall latency using the RotoRod (Columbus Instruments) was used to crudely measure 

neuromuscular performance. The protocol consisted of a ramping protocol from 0 to 25 rpm 
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over a period of 90 seconds. The protocol continued at 25 rpm from 90 to 120 seconds. Each 

mouse performed the protocol three times, with each trial separated by a 1- to 2-min rest 

period. The average time of the three tests was recorded for each mouse.

Cage activity monitoring

To assess volitional activity mice were placed in activity monitor cages (Opto-M3 Activity 

Meter, Columbus Instruments). Activity was measured for 3 days and the average number of 

beams crossed in an X–Y plane as well as the Z plane was recorded. Food consumption was 

also recorded during this time while the mice were single-housed.

Analysis of Muscle Function

At ~19 weeks of age, mice were anesthetized with 2% isoflurane inhalation and kept 

anesthetized at 1.5 % isoflurane for ~1hr throughout the duration of the procedure (~1 hour). 

Muscle function analysis of the tibialis anterior (TA) in situ, which maintains the host nerve 

and blood supply, has been previously described (25). Briefly, the distal tendon of the left 

TA was isolated and tied to a force transducer (Aurora Scientific, Ontario, Canada) using 5-0 

silk sutures. The mouse was placed on the apparatus maintained at 37ºC throughout the 

entirety of the procedure. The sciatic nerve was exposed proximal to the knee and 

maintained using warmed mineral oil. The sciatic nerve was then subjected to a single 

stimulus to determine optimal length (Lo). Once Lo was obtained, a force-frequency curve 

was generated, and maximal tetanic force was determined. Specific tension was determined 

using TA muscle CSA calculated by muscle mass/(Lf x 1.06), where Lf represents fiber 

length determined by multiplying Lo by 0.6, the predetermined TA muscle length to fiber 

length ratio, and 1.06 represents the skeletal muscle density. After a 5-minute rest the TA 

was subjected to an intermittent fatigue protocol consisting of 0.5 second submaximal 

stimulation (50Hz) every second for 5 minutes. Immediately, after submaximal fatigue the 

TA was subjected to an intermittent fatigue protocol consisting of 0.5 second maximal 

stimulation (200Hz) every second for 5 minutes. The fatiguing properties of skeletal muscle 

were determined by the relative change in force (% of initial contraction) throughout the 

duration of the fatiguing contraction. Absolute muscle fatigue was measured as the reduction 

in maximal force (% of max force) following either the submaximal or maximal fatiguing 

contraction. After the completion of the fatigue protocol the muscle was rested for 5 minutes 

at Lo and then maximally stimulated (200hz) to determine fatigue recovery.

Skeletal Muscle Enriched Mitochondrial Fraction

Mitochondrial isolation from the right quadriceps muscle was performed following a 

previously described protocol (26). Briefly, freshly dissected quadriceps muscles were 

minced and digested for 30 min in isolation buffer 1 (2 M Tris·HCl, 1 M KCl, and 0.5 M 

EDTA/Tris) containing 0.05% trypsin solution. The digested solution was spun at 200 g for 

3 min, and the pellet was resuspended and homogenized using a Teflon pestle. The 

homogenate was spun at 700 g for 10 min and the supernatant was collected and spun at 

8,000 g for another 10 min. The supernatant was discarded, and the pellet was resuspended 

in 5 ml of isolation buffer 1 and spun again at 8,000 g for 10 min. The resulting pellet was 

gently resuspended in 50 μL of isolation buffer 2 (0.1 M EGTA/Tris and 1 M Tris·HCl) and 
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contained the isolated mitochondrial suspension. The Bradford method was used to 

determine total mitochondria protein concentration in the purified mitochondrial fraction.

Myosin Heavy Chain isoform expression

The relative distribution of myosin heavy chain (MyHC) isoforms was determined according 

to the method of Toth et. al with slight modifications (27). Briefly, the tibialis anterior (TA) 

was homogenized in KCl buffer (300mM KCl, 150mM KH2PO4, 10mM NaP2O7, 200mM 

DTT, 200mM MgCl2, proteinase inhibitor cocktail) and protein concentration was 

determined using the standard Bradford method. Aliquoted homogenates were diluted to 

40ng/ul in sample prep buffer (2%SDS, 62.5mM Tris, 10% glycerol, 0.001% bromophenol 

blue) and heated at 90ºC for 5 minutes. 200ng of protein was loaded to a 4% bis-acrylamide 

stacking gel and separated by SDS-PAGE (37.5% glycerol (w/v), 7% 50:1 bis-acrylamide, 

200mM Tris/HCL, 100mM Glycine, 0.4% SDS, 0.08% APS) at 70V for 16hrs followed by 

200V for 4hrs at 4ºC. The gel was then subjected to silver stain according to the 

manufacturer’s instruction (Bio-rad Laboratories) and MyHC isoforms were stained and 

quantified. Relative isoform expression was calculated by taking the percent expression of a 

single isoform band relative to all 3 quantified isoform bands.

Western blotting

Western blot analysis was performed as previously described (26). Briefly, isolated 

mitochondrial fraction homogenates were fractionated on SDS-polyacrylamide gels and 

transferred to PVDF membrane. After the membranes were blocked in 5% non-fat milk, 

antibodies Total OXPHOS Cocktail (Cat #: ab110413; Abcam, Cambridge, United 

Kingdom), cytochrome c (Cat #:11940S; Cell Signaling Technology), and VDAC (Cat 

#:4661S; Cell Signaling Technology) were incubated at dilutions of 1:5000 overnight at 4°C 

in 1% TBST milk. Anti-rabbit IgG-conjugated secondary antibodies (Cell Signaling 

Technology) were incubated with the membranes at 1:5000 dilutions for 1 h in 1% TBST 

milk. Enhanced chemiluminescence developed by autoradiography was used to visualize the 

antibody–antigen interactions. Blots were analyzed by measuring the integrated optical 

density (IOD) of each band with ImageJ software (NIH, Bethesda, MD, USA).

Statistical analysis

Values are presented as means ± standard error of the mean (SEM). Unpaired student t-tests 

were performed to compare body composition changes, whole body functional changes, and 

skeletal muscle fatiguability in MIN-Sed and MIN-W mice. To determine a dose effect of 

wheel, MIN-W mice were divided into High (>60 minutes/day of wheel running; n=5) and 

Low (<60 minutes/day of wheel; n=5). Unpaired student t-tests were performed to compare 

skeletal muscle fatiguability between MIN-W high and low runners. Two-way ANOVA’s 

(genotype x wheel access) were used to compare animal characteristics, body composition, 

behavior and function characteristics, muscle contractile properties, and protein expression 

between all groups. Two-way repeated measures ANOVA (genotype x time) was used to 

compare wheel distance, time, average speed, and maximum speed on wheel. Post hoc 

analyses were performed with student Newman-Keuls methods. A Bartlett’s test was used to 

determine significantly different standard deviations (p<0.05). If a significant difference was 

observed between group standard deviations, a non-parametric Kruskal-Wallis one-way 
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ANOVA was used. A Pearson correlation was used to determine correlations between 

cachexia indices and skeletal muscle functional properties in MIN mice. Significance was 

set at p≤0.05.

RESULTS

Animal Characteristics

Between 12 and 13 weeks of age, B6 and MIN mice were randomized to either a fixed or 

free access wheel for 5 weeks (Figure 1A). There was a main effect of MIN to have 

increased total polyp number, large polyp number, and plasma IL-6 compared to B6 (Table 

1). There was a main effect of MIN to have increased spleen weight by 424% compared to 

B6 (p<0.0001). We have previously examined body compositional changes in MIN mice, 

characterized by decreased lean mass during cachexia progression (17, 28). We extended 

these results to identify if wheel exercise could attenuate the body compositional changes 

that occur in the MIN. There was a main effect of MIN to have reduced body weight by 4% 

(p=0.04) and 6% (p=0.002) at 12 and 18 weeks of age, respectively (Table 1). There was an 

8% (p<0.0001), 7% (p<0.0001), and 8% (p=0.006) increase in body weight between 12 and 

18 weeks within B6-Sed, B6-W, and MIN-W, respectively; however, MIN-Sed did not 

increase body weight over time (Table 1). Percent body weight loss was also measured using 

the loss from peak body weight to body weight at sacrifice, and MIN-Sed and MIN-W mice 

had a mean percent body weight loss of 4.8 ± 2.2% (Peak: 24.7 ± 0.3; Final: 23.6 ± 0.6) and 

3.2 ± 1.4% (Peak: 25.1 ± 0.5; Final: 24.4 ± 0.7), respectively, classifying the MINs as weight 

stable or pre-cachectic (<5% BW loss). B6-Sed and B6-W mice had a mean percent body 

weight loss of 1.0 ± 0.3% (Peak: 25.8 ± 0.4; Final: 25.6 ± 0.5) and 0.9 ± 0.4% (Peak: 25.5 ± 

0.3; Final: 25.3 ± 0.2), respectively. There was a main effect of MIN to have reduced lean 

mass by 4% (p=0.03) at 18 weeks of age (Table 1). There was an 8% (p<0.0001), 9% 

(p<0.0001), and 9% (p=0.01) increase in lean mass between 12 and 18 weeks within B6-

Sed, B6-W, and MIN-W, respectively; however, MIN-Sed did not increase lean mass over 

time (Table 1). There were no significant changes to fat mass (Table 1).

Wheel Running

There was a 39% (p=0.004) decrease in total wheel distance at week 5 in MIN-W compared 

to B6-W (Table 2, Figure 1B); however, there was no observed difference in weeks 1-4 

(Figure 1B). Average daily wheel distance within the MIN-W was decreased 42% (p=0.03) 

at week 5 compared to week 3, while there were no differences within the B6-W (Figure 

1B). There was a 23% (p=0.05) decrease in total wheel time and a 49% (p=0.004) decrease 

in week 5 wheel time in the MIN-W compared to B6-W (Figure 1C). Average time on the 

wheels within the MIN-W was decreased 43% (p=0.02) and 42% (p=0.03) at week 5, 

compared to weeks 3 and 4, respectively, while there were no differences within the B6-W 

(Figure 1C). There was an 8% (p=0.002) decrease in total average speed and a 9% (p=0.02) 

decrease in week 5 average speed in MIN-W compare to B6-W (Table 2). Average speed 

within the B6-W was increased 14% (p=0.007) and 13% (p=0.02) at week 3 and 5, 

compared to week 1, respectively, while there were no differences within the MIN-W 

(Figure 1D).There was an 8% (p=0.02) and 9% (p=0.002) decrease in the average speed at 

weeks 3 and 5, respectively, in the MIN-W compared to B6-W (Figure 1D). There was a 
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10% (p=0.035) decrease in maximal speed during week 5 in the MIN-W compared to B6-W 

(Table 2). There was a strong direct relationship between distance run and time on the wheel 

demonstrating that the mice that ran the shortest amount of time also ran the shortest 

distance (Figure 1E). In isolated mitochondria, there was a main effect of wheel activity to 

increase protein expression of mitochondrial complex V by 17% (p=0.0001), II by 96% 

(p=0.0005), and I by 31% (p=0.0013) (Figure 1F). There was a main effect of wheel to have 

increased cytochrome c expression by 26% (p=0.045). There was a main effect of MIN to 

have decreased mitochondrial complex IV by 16% (p<0.0001) and II by 40% (p=0.01) 

(Figure 1F). There were no differences between MIN-W high and low runners in any of the 

measured mitochondrial proteins (data not shown).

Animal behavior and whole body functional capacity

The MIN-W percent body weight change between week 12 and 18 was increased 8% 

(p=0.05) compared to the MIN-Sed (Figure 2A). There was a positive relationship between 

body weight change and maximal wheel speed at week 5 in MIN-W (Table 2). The MIN-W 

percent lean mass change between week 12 and 18 was increased 8% (p<0.05) compared to 

the MIN-Sed (Figure 2B). There was a significant positive relationship between lean mass 

change and week 5 total distance in MIN-W (Table 2).

There were no differences in daily food intake between all groups at 12 weeks of age. There 

was an 8% (p=0.035) and 16% (p=0.037) increase in food intake between week 12 and 18 in 

the B6-Sed and B6-W, respectively (Table 3). There was a main effect of MIN to have 

reduced food intake by 8% (p=0.003) at 18 weeks (Table 3). There was no effect of wheel on 

food intake (Table 3). There were no differences in cage activity between all groups at 12 

weeks. There was a main effect of MIN to have reduced cage activity by 52% (p<0.0001) 

compared to B6 at 18 weeks of age (Table 3). Both MIN-W and MIN-Sed had significantly 

reduced cage activity by 43% (p=0.01) and 40% (p=0.01) between week 12 and 18, 

respectively, while both B6-Sed and B6-W both increased cage activity by 35% (p=0.03) 

and 52% (p=0.004) between week 12 and 18, respectively (Table 3).

There was a main effect of MIN to have reduced time to fatigue by 41% (p=0.0002) and a 

main effect of wheel to have increased time to fatigue by 96% (p<0.0001) at 18 weeks of 

age (Table 3). There was an increase in time to fatigue by 88% (p=0.0009) within the B6-W 

between week 12 and 18 (Table 3). There was a decrease in time to fatigue by 48% 

(p=0.0006) in the MIN-Sed between week 12 and 18 (Table 3). There was a 186% (p=0.003) 

increase in the percent change in time to fatigue in MIN-W compared to MIN-C (Figure 

2C). There were no relationships between wheel speed, duration, or distance and time to 

fatigue change in the MIN-W (Table 1). There was a main effect of MIN to have reduced 

grip strength by 8% at 18 weeks of age (p=0.002; Table 3). There was an increase in grip 

strength by 9% (p=0.01) in the B6-W between week 12 and 18 (Table 3). There was a 159% 

(p=0.03) increase in the percent change in grip strength in the MIN-W compared to MIN-

Sed (Figure 2D). There were no relationships between wheel speed, duration, or distance 

and grip strength change in the MIN-W (Table 1). There was no difference in fall latency 

between all groups throughout the study (Table 3, Figure 2E).
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Skeletal Muscle Contractile Properties

Skeletal muscle function has been classically characterized by the muscle’s twitch 

properties, force production capabilities, and intrinsic fatigability (29). There was a main 

effect of MIN to have reduced TA weight by 8% (p=0.001), but there was no effect of wheel 

(B6-Sed 49.0 ± 0.9 mg; B6-W 48.4 ± 0.8 mg; MIN-Sed 42.0 ± 2.0 mg; MIN-W 44.5 ± 1.9 

mg). Similar to what has been previously reported in the MIN mouse (1), there was a main 

effect of MIN to have increased ½ RT and TPT by 33% (p=0.003) and 14% (p=0.008), 

respectively, indicating a slower contractile phenotype (Table 3). There was a main effect of 

MIN to have a reduced rate of relaxation (−dP/dtmax) from peak tetanic force by 31% 

(p=0.0002); however, rate of peak contraction (dP/dtmax) was not changed (Table 3). There 

was a main effect of MIN to have reduced absolute tetanic force by 17% (p=0.0002) (Po; 

Table 3). There was a main effect of MIN to have reduced maximal specific force by 8% 

(p=0.01) (sPo; Table 3).

Skeletal Muscle Fatigability

To measure the effects of wheel exercise on skeletal muscle specific fatigability, the sciatic 

nerve was stimulated 1 contraction/second for 5 minutes at 50Hz to elicit submaximal 

contractions followed by 1 contraction/second for 5 minutes at 200Hz to elicit maximal 

contractions. The relative (% of initial) force-time tracing throughout both contraction 

periods is shown in Figure 3A. There was no difference in relative maximal force production 

(% of max force) following 300 submaximal contractions between MIN-Sed and MIN-W 

(Figure 3C); however, there was a significant increase by 44% (p=0.046) in the MIN-High 

compared to MIN-Low runners (Figure 3D). Similarly, there was no difference in relative 

maximal force production (% of max force) following 600 contractions (300 submaximal 

and 300 maximal) between MIN-Sed and MIN-W (Figure 3E); however, there was a 

significant increase by 36% (p=0.023) in the MIN-High compared to MIN-Low runners 

(Figure 3F). In order to measure recovery from fatigue, the TA was rested at Lo for 5 

minutes and then measured for maximal force production. There was a 27% (p=0.05) 

increase in force recovery with the MIN-W compared to MIN-Sed (Figure 3G). 

Interestingly, there was a significant increase by 18% (p=0.020) in the MIN-High compared 

to MIN-Low (Figure 3H).

Myosin heavy chain isoform expression

In addition to the metabolic properties of skeletal muscle (Figure 1F), the MyHC isoform 

expression is classically sensitive to activity and contributes to the contractile and fatiguing 

properties of skeletal muscle (29). Therefore, we examined the relative MyHC fiber type 

abundance in the TA of each group (Figure 2B). There was a 6.7% (p=0.005; preplanned t-

test) increase in Type IIa/x and decrease in Type IIb in the B6-W compared to B6-Sed 

(Figure 3B) confirming previous reports that the TA has been previously shown to be 

sensitive to 4 weeks of wheel activity (24). There were no observed differences between 

MIN-C or MIN-WA and any group. Additionally, there was no difference in relative MyHC 

isoform expression between the MIN-W high and low runners (Type IIa/x MIN-Low:41 ± 

1% vs MIN-High 43 ± 3%; p=0.65)
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DISCUSSION

The current study sought to better understand if wheel exercise could improve body 

composition as well as whole body and skeletal muscle function during the early stages of 

cachexia progression. We have previously demonstrated reduced volitional activity and 

increased whole body and skeletal muscle fatigability in both weight stable and cachectic 

male MINs (1). While inactivity has established deleterious effects on muscle mass and 

function, return to activity can reverse these effects in healthy individuals (5, 6, 8); however, 

it still remains unclear if increasing volitional activity can attenuate skeletal muscle fatigue 

that is associated with wasting. Herein, we show that regardless of tumor presence and 

elevated circulating IL-6, there were apparent therapeutic benefits of increased activity 

related to body composition, behavior, and whole body function, that were not dependent on 

exercise duration. There was an exercise threshold needed to improve skeletal muscle 

fatigability in tumor-bearing mice. Furthermore, all of these benefits occurred without 

mitigating tumor number or size.

Regimented exercise and increased daily physical activity are commonly prescribed to 

cancer patients with the goal of improving physical function and quality of life (8), however 

our understanding of how PA can improve muscle’s functional capacity during cachexia 

progression is still developing. Furthermore, our understanding of the progression of central 

and musculoskeletal fatigue during cancer remains extremely limited. While a cause-effect 

relationship between central and peripheral fatigue is generally accepted, their mechanistic 

link and causal sequence with aging and chronic disease is not well understood (30). The 

current study demonstrated that a low dose of exercise was sufficient to improve treadmill 

fatigue test running time as well as relative grip strength. Interestingly, wheel access was 

unable to improve central fatigue, demonstrated by no difference in cage activity between 

sedentary and wheel groups. While our results are limited regarding central fatigue, our 

study suggests that wheel access can improve several aspects of physical function without 

necessarily improving central drive. One potential hypothesis for the inability of wheel 

access to increase volitional activity is elevated systemic inflammation and tumor-burden 

which were not changed by exercise (31). Chronic inflammation negatively impacts central 

fatigue since several inflammatory cytokines, namely TNF-α, IL-6, and IFNγ, have been 

shown to cross the blood brain barrier and disrupt the hypothalamic-pituitary-adrenal (HPA) 

axis (32). Therefor we speculate that circulating IL-6 may still be disrupting the HPA axis 

control of central drive. Whether activity altered neural inflammation of tumor-bearing mice 

was not determined, however this question serves as an intriguing inquiry for further 

research.

Decreased volitional activity has previously been considered to be consequence of muscle 

mass loss (15). However, several studies have provided evidence that reduced activity levels 

and increased sedentary behavior occurs prior to, or without, significant weight loss (6, 8, 

16). Our lab has previously reported that reductions in voluntary wheel speed and distance 

precede body weight loss in male MIN mice (16), further supporting decreased activity as a 

contributor of cachexia initiation. We have extended these findings by showing that a 

reduction in cage activity, wheel distance, and time spent running on the wheel can occur 

without significant body weight loss. Interestingly, we have previously shown an exercise 
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modality specific effect (wheel versus treadmill) on polyp number when initiated at 4 weeks 

in the MIN; however, both treadmill and wheel exercise reduced spleen weight and plasma 

IL-6 (19). To account for exercise effects on tumor-burden, the current study initiated wheel 

access at ~13 weeks of age, after polyp development in the MIN plateaus. We report that 

wheel activity did not affect tumor number, plasma IL-6, or spleen weight when started at 

this advanced age. While MIN-Sed mice maintained body weight and lean mass from 12-18 

weeks, MIN-W mice, regardless of exercise duration, were able to increase lean mass and 

body weight over time similar to healthy controls. Based on the study design, our MIN-Sed 

animals could not be classified as cachectic, but rather weight stable or pre-cachectic (15). 

Therefore, we are limited in our ability to rule out stunted growth rather than cachexia 

initiation; however, we have previously shown that MIN mice will reach their peak body 

weight ~16 weeks of age followed by a slow progressive loss of body weight (16). While our 

results show no differences in lean mass or body weight between 12 and 18 weeks, MIN-Sed 

mice continued to increase body weight to ~16 weeks and lost ~4% BW by 18 weeks. This 

strongly suggests that the MIN mice were initiating cachexia rather than only having stunted 

growth. The beneficial effects of exercise on tumor metastasis, development, and growth 

have been studied extensively; however, our results demonstrate that wheel access was able 

to increase lean body mass and body weight without affecting tumor number. Interestingly, 

our lab recently demonstrated that the cancer environment disrupts diurnal PA fluxes 

associated with aberrant mTORC1 (mechanistic target of rapamycin complex 1) signaling 

which is a key regulator of muscle mass and is sensitive to changes in muscle use (31). 

While low levels of physical activity have been strongly linked to the incidence of colon, 

breast, kidney, and digestive cancers (6), our results and others suggest that maintaining 

physical activity levels following diagnosis is important in maintaining cancer-patient 

muscle mass and function independent of tumor growth (33).

While the regulators of skeletal muscle mass with cachexia have received significant 

attention, less is known about how skeletal muscle function is affected by cachexia. 

Disrupted skeletal muscle function have been reported (1, 3, 25); however, these studies 

were limited in mechanistic insight and have provided equivocal findings likely due to the 

muscle measured, tumor model used, and degree of weight loss at the time of measurement. 

Additionally, a disconnect between muscle mass and function has contributed to 

unsuccessful treatment outcomes by targeting mass without accounting for functional 

changes (10). Skeletal muscle function analysis has often been relegated to the simple 

assessments of skeletal muscle strength without appropriately testing skeletal muscle 

fatigability. Improved muscle strength without improved muscle fatigue resistance has 

limited translation to cancer patients, since CRF affects the majority of cancer patients (13). 

We provide evidence of a relationship between low activity levels, skeletal muscle fatigue, 

and fatigue recovery. While hindlimb muscle mass and skeletal muscle force were not 

changed with wheel activity, we have previously shown that repeated eccentric muscle 

contractions, a model of resistance exercise, could attenuate the loss of muscle CSA in the 

male MIN mouse (22). Further research is justified to examine if increased activity and 

resistance exercise can improve overall functional quality of cancer patients through 

attenuating the deleterious effects of the tumor environment on muscle mass, strength, and 

fatigability.
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There are numerous factors that contribute to the fatiguing properties of skeletal muscle; 

however, intrinsic to the muscle, the metabolic properties and MyHC fiber type abundance 

emerge as key regulators. The murine TA contains primarily Type II muscle fibers (Type I: 

<1%, Type IIa/x: ~40%; Type IIb: ~60%); however, remains sensitive to wheel activity (24). 

Interestingly, preferential loss of type II fibers with early cachexia has been postulated (34); 

however, we did not observe a loss of fiber type relative abundance with early cachexia in 

the MIN. There has previously been reports of myofiber atrophy of the Type II fibers and a 

relative increase in Type IIb in the EDL of C26 mice; however preferential atrophy of Type 

IIa and Type IIb with no significant changes to Type I fibers in the Soleus of these same 

mice (3). Together, it appears that the loss of myofibrillar size and MyHC abundance with 

cachexia is not apparent in skeletal muscle without a significant portion of Type I fibers (e.g. 

TA, EDL). It is important to note that human skeletal muscle is much more heterogenous 

compared to murine muscle, and the fiber type sensitivity in the TA and EDL is difficult to 

translate to cachectic cancer patients. To this end, Toth et al. showed reduced muscle cross 

sectional area (CSA) only of Type I and Type IIa in cancer patients with no significant 

changes in Type IIa/x fiber size; however, they show an increase in relative Type IIa/x 

muscle fiber abundance (35). Interestingly, while mitochondrial proteins were sensitive to 

wheel activity in both the B6 and MIN, we were unable to observe an effect of wheel 

activity on the relative fiber type abundance in the MIN. We are limited in our ability to 

suggest changes in myosin light chain expression; however, changes in the potentiation 

observed within the first 100 contractions of the skeletal muscle fatigue protocol highlight a 

need for additional work investigating the changes to myosin light chain expression with 

cachexia progression.

Emerging evidence suggests that metabolic dysfunction is a key driver of cancer-induced 

muscle mass and function loss (34). Disrupted oxidative metabolism and mitochondrial 

dysfunction have been demonstrated in both pre-cachectic and cachectic muscle which may 

directly disrupt the functional quality of skeletal muscle (36, 37). Our lab has previously 

shown that voluntary wheel running is reduced prior to weight loss in male MIN mice 

associated with anemia and decreased muscle citrate synthase (CS) activity (16). Regular 

treadmill exercise and wheel access initiated at 4 weeks of age increased CS activity 

compared to sedentary controls; however, only treadmill training was able to reduce total 

polyp number. Both exercise types reduced spleen weight and plasma IL-6 (19). The current 

study provides evidence that wheel exercise was able to improve mitochondrial complex II, 

called succinate dehydrogenase (SDH), in both healthy and tumor-bearing mice. Increased 

SDH is a hallmark of skeletal muscle’s response to exercise training (38) and the loss of 

SDH activity with cachexia progression has been established (22, 39). Mitochondria are 

especially susceptible to inflammation-induced wasting (37) and our lab has recently 

demonstrated that elevated IL-6 alone is sufficient to increase skeletal muscle fatigability 

(23) and disrupt mitochondrial quality control (40). Exercise has been shown to mitigate 

chronic inflammation, improve mitochondria quality control, and increase mitochondrial 

content (9); however, our results extend these findings to suggest that exercise can increase 

the relative expression of several mitochondrial proteins within isolated mitochondria and 

improve fatigue resistance without necessarily reducing circulating IL-6. While treadmill 

exercise training has been shown to be protective against IL-6-induced cachexia in the MIN 
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mouse, and was associated with improved triglyceride and glucose metabolism, further work 

is needed to understand how exercise can impact skeletal muscle oxidative metabolism prior 

to significant wasting (20).

The loss of functional independence and the burden of CRF plagues most cancer patients 

and contributes substantially to reduced life quality and survival. Therefore, a better 

understanding of these musculoskeletal alteration and functional deficits should improve the 

efficacy of future therapeutics. The current study identified deficits in skeletal muscle mass, 

strength, and fatigue resistance before the initiation of body weight loss. Additionally, these 

changes occurred concomitant with reduced volitional activity and decreased mitochondrial 

content. Whether there is an exercise threshold needed for cancer patients is an active area of 

inquiry by the American College of Sports Medicine and requires additional work. Our 

results highlight an importance to looking beyond cellular signing and muscle fiber-type 

abundance to the functional capability as the exercise threshold to observe differences in 

metabolic biochemical signaling versus function changes may be distinct. We provide 

further evidence supporting the therapeutic benefits of increased activity on lean mass, 

whole body function, and skeletal muscle fatigability. While investigation into the 

combination and comparison of exercise modalities with cancer patients is needed, our 

results in conjunction with others suggest that increasing volitional activity has the potential 

to improve cancer patient life quality and survival.
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Figure 1. 
Experimental design and treatment validation. A) Experimental design and procedure 

timeline. Pre-treatment measurements were performed at 12 weeks (wks) of age. Mice were 

then singled house with either a fixed or free wheel for 5 weeks. Post-treatment 

measurements were performed at 18 wks of age. Several properties of skeletal muscle 

function were assessed at ~19 wks of age in all mice. B) Average daily distance travelled on 

the wheel shown as the average kilometers (km) per day for each week. C) Average daily 

time spent on the wheel each day for mice given free wheel access shown as the average 
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minutes per day for each week. D) Average speed on the wheel each day for mice given free 

wheel access shown as kilometers per hour (km/hr) per day for each week. E) Pearson’s 

correlation (R) between distance (km/day) and time (min) during week 5 in B6-W and MIN-

W. F) Protein expression of key mitochondrial proteins, complexes I-V and cytochrome c in 

mitochondrial isolated from the quadriceps muscle. Expression was normalized to VDAC 

loading control and shown relative to B6-C. G) representative images of mitochondrial 

protein expression. Dotted line indicates where cropped; all samples were run and analyzed 

together. C57BL/6 (B6). ApcMin/+ (MIN). Sedentary controls (Sed; B6-Sed n=10, MIN-Sed 

n=10). Free wheel access (W; B6-W n=9, MIN-W n=10). Two-way ANOVA. *Significant 

main effect of genotype. *Significant main effect of treatment. @Significant main effect of 

time. #Significant difference between MIN-Sed and B6-W. %Significantly different from 

MIN-High. Significance was set a p≤0.05.
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Figure 2. 
Body composition and whole body function changes in ApcMin/+ mice given free wheel 

access. A) Percent body weight change after 5 weeks of wheel access. B) Percent lean mass 

change after 5 weeks of wheel access measured by DEXA. C) Percent fat mass change after 

5 weeks of wheel access measured by DEXA. D) Percent grip strength change after 5 weeks 

of wheel access. E) Percent time to fatigue change after 5 weeks of wheel access. F) Percent 

fall latency change after 5 weeks of wheel access. C57BL/6 (B6). ApcMin/+ (MIN). 

Sedentary controls (Sed; B6-Sed n=10, MIN-Sed n=10). Free wheel access (W; MIN-W 
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n=10). Student’s t-test. *Significantly different from MIN-Sed. Significance was set a 

p≤0.05.
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Figure 3. 
The effect of wheel on skeletal muscle fatigability in the ApcMin/+ mouse. A) Force-time 

tracing of the intermittent skeletal muscle fatigue protocol. Measurements shown as a 

percent of the first submaximal contraction and then the first maximal contraction. B) 

Myosin heavy chain (MyHC) isoform expression in all mice. C) Maximal force production 

following 300 submaximal contractions relative to Po in all MIN mice. D) Maximal force 

production following 300 submaximal contractions relative to Po in all MIN-W mice 

stratified by MIN-High (>60minutes/day) and MIN-Low (<60minutes/day) runners. E) 
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Maximal force production following 300 submaximal contractions and 300 maximal 

contractions (600 total) relative to Po in all MIN mice. F) Maximal force production 

following 300 submaximal contractions and 300 maximal contractions (600 total) relative to 

Po in all MIN-W mice stratified by MIN-High (>60minutes/day) and MIN-Low 

(<60minutes/day) runners. G) Maximal force production following a 5 minute rest after the 

completion of the fatigue protocol relative to Po in all MIN mice. H) Maximal force 

production following 5 minute rest after the completion of the fatigue protocol relative to Po 

in all MIN-W mice stratified by MIN-High (>60minutes/day) and MIN-Low (<60minutes/

day) runners. C57BL/6 (B6). ApcMin/+ (MIN). Sedentary controls (Sed; B6-Sed n=10, MIN-

Sed n=10). Free wheel access (W; B6-W n=9, MIN-W n=10). MIN-High runners 

(>60minutes/day; n=5) and MIN-Low runners (<60minutes/day; n=5). Student’s t-test. 

*Significantly different than control. %Significantly different from MIN-High runners. 

$Significantly different from B6-C (preplanned t-test). Significance was set a p≤0.05.
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Table 1.

Animal Characteristics

B6 MIN

Control Wheel Access Control Wheel Access

n 10 9 10 10

Disease Progression

Age (wk) 19.6 ± 0.2 19.8 ± 0.1 19.2 ± 0.4 19.4 ± 0.2

Polyp number (#) 0.0 ± 0.0 0.0 ± 0.0 91.1 ± 7.6* 90.5 ± 4.3*

Large Polyps (#) 0.0 ± 0.0 0.0 ± 0.0 71.9 ± 7.8* 65.9 ± 5.0*

Spleen (mg) 71 ± 3 68 ± 5 313 ± 34* 279 ± 21*

Plasma IL-6 (pg/mL) 0.0 ± 0.0 0.0 ± 0.0 27.9 ± 10.8* 31.7 ± 8.7*

Body Composition

Body Weight (g)

12 wk 23.6 ± 0.3 23.8 ± 0.2 23.3 ± 0.5* 22.6 ± 0.4*

18 wk 25.5 ± 0.5
$

25.4 ± 0.2
$

23.6 ± 0.5* 24.4 ± 0.7*$

Δ 1.96 ± 0.20 1.58 ± 0.19 0.41 ± 0.71 1.84 ± 0.52

Lean Mass (g)

12 wk 17.9 ± 0.3 17.9 ± 0.1 17.9 ± 0.4 17.6 ± 0.3

18 wk 19.3 ± 0.3
$

19.5 ± 0.1
$

18.0 ± 0.4* 19.1 ± 0.5*$

Δ 1.43 ± 0.08 1.56 ± 0.11^ 0.12 ± 0.41* 1.47 ± 0.47*^

Fat Mass (g)

12 wk 2.7 ± 0.1 2.6 ± 0.1 2.5 ± 0.1 2.4 ± 0.1

18 wk 2.8 ± 0.1 2.5 ± 0.1 2.5 ± 0.2 2.5 ± 0.1

Δ 0.14 ± 0.14 −0.18 ± 0.11 0.02 ± 0.25 0.15 ± 0.13

Values are means ± SEM. Age in weeks (wk). Intestinal polyp number observed in segments 1-5. Intestinal polyps that were ≥2mm were 
considered large polyps. Spleen weight given in milligrams (mg). Plasma levels of interleukin-6 (IL-6) in picograms per milliliter (pg/mL). Plasma 
IL-6 and intestinal polyps were not detectable in all B6 mice. Body weights, lean mass, and fat mass given in grams (g) measured by Dual-Energy 

X-Ray Analysis (DEXA) at 12 and 18 weeks of age. Delta (Δ) between 12 and 18 weeks. C57BL/6 (B6; sedentary n=10, wheel n=9). ApcMin/+ 

(MIN; sedentary n=10, wheel n=10). Two-way ANOVA.

*
Main effect of genotype.

^
Main effect of treatment.

$
Repeated measures, effect of time. Significance was set a p≤0.05
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Table 2.

Wheel Activity

B6-W MIN-W Body Weight Lean Mass Time to Fatigue Grip Strength

Distance on Wheel (km) Correlation to MIN-W Distance on Wheel (R)

Total 127.4 ± 7.8 103.4 ± 15.3 0.32 0.43 0.12 −0.20

Week 1 20.4 ± 1.1 18.1 ± 2.2 0.00 0.09 −0.17 −0.25

Week 5 25.1 ± 1.8 15.2 ± 2.6* 0.25 0.75
# 0.25 0.10

Time on Wheel (min/day) Correlation to MIN-W Time on Wheel (R)

Total 147.0 ± 7.6 112.6 ± 14.7* 0.30 0.37 0.10 −0.14

Week 1 119.1 ± 11.1 107.7 ± 12.1 −0.24 −0.17 −0.19 −0.29

Week 5 149.0 ± 15.0 76.2 ± 15.9* 0.44 0.48 0.06 0.04

Average Speed (km/hr) Correlation to MIN-W Average Speed (R)

Total 1.53 ± 0.02 1.41 ± 0.03* 0.12 0.07 0.30 −0.52

Week 1 1.40 ± 0.19 1.34 ± 0.02 −0.25 −0.30 −0.27 −0.44

Week 5 1.58 ± 0.05 1.44 ± 0.03* 0.41 0.28 0.41 0.00

Maximal Speed (km/hr) Correlation to MIN-W Maximal Speed (R)

Total 2.31 ± 0.12 2.17 ± 0.11 0.03 0.37 0.38 −0.37

Week 1 2.10 ± 0.19 2.25 ± 0.26 0.13 −0.28 −0.18 −0.02

Week 5 2.20 ± 0.06 1.96 ± 0.09* 0.74
# 0.31 0.28 0.02

Values are means ± SEM and Pearson’s correlation (R). C57BL/6 (B6). ApcMin/+ (MIN). Wheel access (W; B6-W n=9, MIN-W n=10). 
Correlations were between each wheel measurement and the percent change between 12 and 18 weeks on compositional and functional outcomes 
in MIN-W. Two-way ANOVA.

*
Main effect of genotype.

^
Main effect of treatment.

$
Repeated measures, effect of time.

#
Significant correlation. Significance was set a p≤0.05
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Table 3.

Behavioral and Functional Characteristics

B6 MIN

Sedentary Wheel Sedentary Wheel

Behavior

Food Intake (g)

12 wk 3.7 ± 0.1 3.7 ± 0.1 3.8 ± 0.2 3.7 ± 0.1

18 wk 4.0 ± 0.1
$

4.3 ± 0.2
$

3.7 ± 0.2* 3.9 ± 0.1*

Δ 0.33 ± 0.13 0.54 ± 0.22 −0.16 ± 0.33* 0.18 ± 0.13*

Cage Activity (x1000 counts)

12 wk 19.5 ± 1.3 19.6 ± 1.4 22.0 ± 2.7 23.4 ± 2.8

18 wk 26.4 ± 2.0
$

29.8 ± 2.6
$

12.6 ± 3.4*$
14.1 ± 2.0*$

Δ 6.9 ± 2.7 10.2 ± 2.6 −9.4 ± 2.9* −9.4 ± 3.0*

Whole-body Function

Grip Strength (mN/g)

12 wk 106.2 ± 0.9 103.4 ± 2.5 108.4 ± 2.9 103.5 ± 2.1

18 wk 113.1 ± 3.8 112.7 ± 1.1
$

100.0 ± 2.0* 107.4 ± 2.0*

Δ 6.9 ± 3.9 9.3 ± 3.0^ −8.4 ± 4.0* 3.9 ± 3.0*^

Fall Latency (sec)

12 wk 61.5 ± 4.6 62.1 ± 5.9 61.3 ± 4.4 56.4 ± 8.4

18 wk 76.7 ± 5.7 68.1 ± 5.2 69.0 ± 9.7 72.2 ± 3.4

Δ 15.2 ± 5.1 6.1 ± 6.2 7.8 ± 9.6 15.8 ± 7.2

Time to Fatigue (min)

12 wk 77.9 ± 4.1 79.7 ± 6.0 78.8 ± 6.7 74.2 ± 6.1

18 wk 86.6 ± 3.6 150.3 ± 11.7
$^ 40.8 ± 6.9

$* 99.9 ± 15.2*^

Δ 8.7 ± 4.1 70.7 ± 13.7^ −38 ± 7.3 25.7 ± 15.2*^

Skeletal Muscle Function

Twitch Properties

1/2 RT (ms) 7.3 ± 0.2 7.5 ± 0.1 9.4 ± 0.8* 10.3 ± 1.2*

TPT (ms) 15.1 ± 0.2 14.8 ± 0.2 16.2 ± 0.4* 17.6 ± 1.3*

Force Production

Po (mN) 1544 ± 42 1647 ± 36 1300 ± 82* 1356 ± 87*

sPo (kN/m2) 285 ± 9 309 ± 8 271 ± 12* 279 ± 9*

Contraction Rates

+ dP/dtmax (N/s) 24.0 ± 1.0 23.2 ± 1.0 20.6 ± 1.9 20.9 ± 1.7

− dP/dtmax (N/s) 17.5 ± 1.3 19.7 ± 1.0 12.5 ± 1.3* 13.1 ± 1.6*

Values are means ± SEM. Average daily food intake measured over 3 days in grams (g). Average daily cage activity measured over 3 days in beams 
crossed (counts). Relative grip strength given in milliNewtons force /grams of body weight (mN/g). Time on the rotorod (fall latency) given in 
seconds (sec). Time to fatigue during a graded exercise treadmill test given in minutes (min). All behavior and whole-body function outcomes were 
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measured at 12 and 18 weeks (wk). Delta (Δ) between 12 and 18 weeks. Properties of skeletal muscle function were measured at ~18 wks prior to 
sacrifice. 1/2 Relaxation time (RT) and time to peak twitch (TPT) given in milliseconds (ms) measured during an isolated twitch contraction. 

Absolute (Po) and specific (sPo) maximal force production given in milliNewtons (mN) and kiloNewtons/meters2 (kN/m2), respectively, measured 

at 200 hz. Rate of contraction (+dP/dtmax) and rate of relaxation (−dP/dtmax) given in newtons/second (N/s) measured at 200 hz. C57BL/6 (B6; 

sedentary n=10, wheel n=9). ApcMin/+ (MIN; sedentary n=10, wheel n=10). Two-way ANOVA.

*
Main effect of genotype.

^
Main effect of treatment.

$
Repeated measures, effect of time. Significance was set a p≤0.05
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