
371

Journals of Gerontology: BIOLOGICAL SCIENCES
Cite journal as: J Gerontol A Biol Sci Med Sci 2014 April;69(4):371–378
doi:10.1093/gerona/glt107 Advance Access publication July 20, 2013

© The Author 2013. Published by Oxford University Press on behalf of The Gerontological Society of America. 
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Markers of Human Skeletal Muscle Mitochondrial 
Biogenesis and Quality Control: Effects of Age and 

Aerobic Exercise Training

Adam R. Konopka, Miranda K. Suer, Christopher A. Wolff, and Matthew P. Harber

Human Performance Laboratory, Ball State University, Muncie, Indiana.

Address correspondence to Matthew P. Harber, PhD, Human Performance Laboratory, Ball State University, Muncie, IN 47306. 
Email: mharber@bsu.edu

Perturbations in mitochondrial health may foster age-related losses of aerobic capacity (VO
2peak

) and skeletal muscle 
size. However, limited data exist regarding mitochondrial dynamics in aging human skeletal muscle and the influence of 
exercise. The purpose of this study was to examine proteins regulating mitochondrial biogenesis and dynamics, VO

2peak
, 

and skeletal muscle size before and after aerobic exercise training in young men (20 ± 1 y) and older men (74 ± 3 y). 
Exercise-induced skeletal muscle hypertrophy occurred independent of age, whereas the improvement in VO

2peak
 was 

more pronounced in young men. Aerobic exercise training increased proteins involved with mitochondrial biogenesis, 
fusion, and fission, independent of age. This is the first study to examine pathways of mitochondrial quality control in 
aging human skeletal muscle with aerobic exercise training. These data indicate normal aging does not influence pro-
teins associated with mitochondrial health or the ability to respond to aerobic exercise training at the mitochondrial and 
skeletal muscle levels.
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Introduction
Age-related skeletal muscle loss has been associated with 

reduced muscle function (1) and aerobic capacity (2), two 
strong predictors of morbidity and mortality (3–5) in older 
adults. Although the loss of muscle mass with advancing age 
is characterized by reduced muscle fiber size and number, 
the etiology of age-related atrophy is not well understood. 
Recent investigations imply that age-related decrements in 
aerobic capacity and skeletal muscle mass may be linked 
to the disruption of mitochondrial health (ie, biogenesis, 
dynamics, function) (6,7).

Peroxisome proliferator-activated receptor-γ coactivator 
1α (PGC-1α), a primary regulator of mitochondrial biogen-
esis, may be lower in aging human skeletal muscle (8,9) and 
therefore potentially involved with reduced mitochondrial 
protein synthesis (10), DNA copy number (11,12), content, 
and function (11,13). Although not obligatory for exercise-
induced mitochondrial biogenesis, PGC-1α is an integral 
factor in co-ordinating pathways for mitochondrial homeo-
stasis and has been implicated in mitochondrial dynamics 
(ie, fusion and fission) (14). Mitochondrial fusion (mitofu-
sion) and fission (mitofission) are not completely understood 
in aging human skeletal muscle but are thought to be key 
components in regulating mitochondrial quality and func-
tion. By promoting mitochondrial protein turnover, fusion 
and fission facilitate the maintenance of mitochondrial and 
skeletal muscle health by avoiding the accumulation of 

protein damage that can evoke the stimulation of apoptotic 
and catabolic pathways (15–17). Mitofusion connects mito-
chondrial membranes of separate mitochondria to exchange 
and dilute damaged components (18), whereas mitofission 
partitions severely damaged sections of mitochondria for 
removal by mitochondrial specific autophagy (19,20). In 
mitofusion knockout animals and humans with low mito-
fusion messenger RNA expression, mitochondrial function 
and skeletal muscle mass are reduced with an increased 
prevalence of metabolic disorders (21,22). Reports of 
altered mitofusion (mitofusion-1 [MFN1], -2 [MFN2] and 
optic atrophy protein-1) and mitofission (fission protein-1 
[FIS1] and dynamin-related protein-1) messenger RNA 
expression are equivocal in older adults (23,24); therefore, 
clarification is needed to determine the role of mitochon-
drial dynamics in maintaining mitochondrial and skeletal 
muscle quality and function.

Although disturbances in mitochondrial health are 
associated with increasing age and loss of skeletal muscle 
mass, it is important to note the observation of mitochondrial 
dysfunction in aging humans is highly ambiguous with 
an equivalent number of studies finding marginal to no 
differences between young and old cohorts. Physical 
activity and chronic aerobic exercise are well known to 
increase surrogates of mitochondrial mass and oxidative 
capacity (25,26), rendering this prescription an attractive 
treatment to improve mitochondrial health and potentially 
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skeletal muscle size in older adults. However, many studies 
implementing acute stimuli in human and animal models 
have recently demonstrated age-related deficiencies in 
mitochondrial biogenesis and anabolic potential. These 
data have created speculations that adaptations to chronic 
exercise are impaired in older adults (younger than 80 y) 
but rarely has young and older human skeletal muscle been 
directly compared after the same aerobic exercise training 
(AET) program (9,27). To our knowledge, it remains to 
be determined if a controlled exercise training program 
can influence proteins regulating mitochondrial quality in 
human skeletal muscle from young and older adults. Thus, 
the primary purpose was to examine mitochondrial quality 
control proteins and skeletal muscle size before and after 
AET in young men (YM) and older men (OM).

Methods

Subjects
Seven YM (20 ± 1 y) and six OM (74 ± 3 y) were recruited 

from the university and surrounding community (Table 1). 
Prior to enrollment, YM completed a detailed medical and 
exercise history questionnaire, whereas OM underwent a 
physical examination that included a description of medi-
cal and exercise history, blood chemistry profile, pulmonary 
function test, and a resting and maximal exercise electrocar-
diogram. Volunteers were excluded based on the following 
criteria: (a) body mass index > 32 kg/m2; (b) type 1 or type 
2 diabetes; (c) uncontrolled hypertension; (d) active cancer, 
cancer in remission, or having received treatment for can-
cer in the previous 5 years; (e) coronary artery disease; (f), 
cardiovascular disease; (g) abnormal thyroid function; (h) 
physically active defined as one who has completed regular 
aerobic or resistance exercise more than one time per week 
for 20 minutes or longer during the previous year; (i) 3% 
change in body weight over the previous 6 months; (j) chronic 
use of nonsteroidal anti-inflammatory drugs, beta-adrener-
gic blocking or antagonist agents or tobacco; and (k) any 
condition that presents a limitation to exercise training (eg, 

severe arthritis, neuromuscular disorder, chronic obstruc-
tive pulmonary disease, and Alzheimer’s disease). Some 
OM were consuming medications during the entirety of 
the investigation, three for blood pressure (diuretic and/or 
calcium influx inhibitor), four for cholesterol (statins), and 
five for prostate health. No differences, before or after train-
ing, were observed for OM consuming medications com-
pared with those who were not taking medications. Written 
informed consent was obtained from each volunteer for all 
procedures approved by the Institutional Review Board at 
Ball State University.

Experimental Design and Methodology
Eligible subjects completed a series of baseline meas-

urements for the determination of aerobic capacity, whole-
muscle size, and content of mitochondrial proteins from a 
muscle biopsy sample. After completion of baseline analy-
ses, participants performed 12 weeks of AET. Following 
the intervention, all subjects repeated the testing procedures 
conducted at baseline.

Aerobic Capacity
YM and OM performed a graded exercise test to exhaus-

tion on an electronically braked cycle ergometer for the 
assessment of aerobic capacity (ie, VO

2peak
). The older sub-

jects completed the graded exercise test with electrocar-
diogram and physician monitoring. Details of the graded 
exercise test for YM and OM have been described previ-
ously (28).

Whole-Muscle Size
Proton magnetic resonance images of the leg were meas-

ured using a Siemens Symphony 1.5 Tesla imaging sys-
tem at standard settings (repetition time/echo time [TR/
TE] = 2000/9 ms) as we have previously described (28–30). 
Bilateral scans were obtained after 1 hour of supine rest to 
avoid the influence of potential fluid shifts (31). Subjects 
were positioned with an adjustable foot restraint for fixa-
tion of joint angles and thus muscle lengths. Contiguous, 1-
cm interleaved, serial scans were obtained from the greater 
trochanter of the femur to the articular surface of the tibia, 
as estimated from frontal or sagittal scout images. After 
electronic data transfer to a personal computer (Macintosh 
Power PC), images were coded. The same investigator 
performed measurements and was blind to the time point 
associated with each stack of respective images. Average 
muscle cross-sectional area (CSA) was taken as the average 
of each slice from the first distal image containing the rec-
tus femoris and the last proximal image not containing the 
gluteal muscle using National Institutes of Health Image J 
1.63b. The average CSA (cm2) was taken as the average of 
all analyzed slices for the vastii and rectus femoris and then 
summed for total quadriceps femoris.

Table 1. Subject Characteristics and Details of the Exercise 
Training Program

YM OM

Number of subjects 7 6
Age (y) 20 ± 1 74 ± 3
Body mass index (kg/m2) 26 ± 2 26 ± 1
Average (kp) 1.93 ± 0.11 1.20 ± 0.04*
Average (RPM) 81 ± 1 70 ± 1*
Total number of contractions 138,000 ± 2,2380 118,460 ± 3,055*
Total mechanical work performed (MJ) 16.4 ± 1.1 8.8 ± 4.6*

Notes: kp = kilopond; RPM = revolutions per minute; MJ = mega joules. 
Exercise was performed on a Monark cycle ergometer. kp and RPM values rep-
resent the 12-week average. Number of muscle contractions per leg is a product 
of recorded RPM and time for the entire aerobic exercise training program. 
*p < .05 versus young.
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Skeletal Muscle Biopsy
Tissue was obtained from the vastus lateralis follow-

ing local anesthetic (Lidocaine HCl 1%) using a 5-mm 
Bergstrom needle with suction (32). The muscle sample 
was cleansed of excess blood and adipose tissue, immedi-
ately frozen and stored in liquid nitrogen. Subjects restricted 
physical activity for 48 hours before the pretraining biopsy, 
whereas the post-training biopsy sample was obtained ~48 
hours after the last exercise session and restricted physical 
activity.

AEt Protocol
Subjects performed 12 weeks of progressive aerobic 

training on a cycle ergometer (Monark Ergomedic 828E). 
Body weight was measured prior to every exercise ses-
sion to ensure weight maintenance. Exercise intensity was 
standardized for YM and OM relative to their maximal 
aerobic capacity by utilizing a percentage of their heart 
rate reserve, which is based on the resting heart rate and 
maximum heart rate achieved during the graded exercise 
test (ie, % heart rate reserve) as previously outlined (29). 
A total of 42 exercise sessions were completed where dura-
tion (20–45 min), intensity (60%–80% heart rate reserve), 
and frequency (3–4 sessions/wk) of exercise were progres-
sively increased throughout the 12 weeks to optimize the 
training response. The last 5 weeks of the exercise pro-
gram consisted of four 45-minute sessions at 80% heart 
rate reserve/wk. The training program was identical to the 
protocol our laboratory has previously published with a 
cohort of older women (29,30,33), and an itemized out-
line describing the weekly progression of exercise inten-
sity, duration, and frequency has been previously published 
(33). A member of our laboratory group supervised each 
exercise session in its entirety to record training data and 
ensure proper exercise intensity. Both YM and OM com-
pleted all 42 exercise sessions at the prescribed exercise 
intensity and duration for a 100% adherence rate. Detailed 
characteristics of the AET program in terms of average 
pedaling cadence (revolutions per minute), resistance 
(kiloponds), and total work completed (megajoules) are 
reported in Table 1.

Western Blotting
Proteins were identified utilizing Western blotting as we 

have previously described (30,34). Briefly, homogenized 
samples were centrifuged for 5 minutes at 100 g to remove 
cellular debris. Proteins (20 µg) were diluted in 2× SDS sam-
ple buffer (1:1), heated to 95°C for 5 minutes, and resolved 
on a 4%–20% gradient gel (Pierce) using SDS–polyacryla-
mide gel electrophoresis for ~90 minutes at 100 V (Mini 
Protean 3 system, Bio-Rad Laboratories, Hercules, CA). 
Subsequently, proteins were transferred to polyvinylidene 
difluoride membrane (Immobilon-P, Millipore, Bedford, 
MA) for 2 hours. The membrane was blocked with 5% 

milk–tris-buffered saline with 0.1% tween-20 solution and 
then incubated with a primary antibody overnight at 4°C. 
Primary antibodies are described in Supplemental Table 1 
and were diluted 1:1000 with 5% milk–tris-buffered saline 
with 0.1% tween-20. Blots were incubated with horseradish 
peroxidase–conjugated secondary antibody diluted 1:4000 
with 5% milk–tris-buffered saline with 0.1% tween-20 and 
exposed to an enhanced chemiluminescent substrate (GE 
Amersham ECL Plus Western Blotting Detection System). 
Images were captured using a chemiluminescent imag-
ing system (FluorChem SP, Alpha Innotech). Verification 
of equal protein loading was accomplished by use of a 
housekeeping protein (Pan-Actin, Cell Signaling). Sizes of 
the immunodetected proteins were confirmed by molecu-
lar weight markers SeeBlue and Magic Mark (Invitrogen). 
Each subject’s pre- and post-training samples were analyzed 
on the same blot, and samples were loaded in an alternate 
fashion of YM and OM to control for intra- and interassay 
variability. All data for proteins of interest were expressed 
relative to pan-actin.

Statistics
Data are expressed as mean and standard error. Statistical 

significance for differences between group means for all 
variables was assessed with a two-way (group × inter-
vention) analysis of variance with repeated measures. 
A  Bonferroni post hoc analysis was performed to make 
pairwise comparisons. Group means from the exercise 
training data (eg, kiloponds, revolutions per minute, num-
ber of contractions, and total work) were analyzed using a 
paired two-tailed student’s t test. Significance was accepted 
as p < .05.

Results

Mitochondrial Content and Biogenesis
To assess the influence of age and AET on markers of 

mitochondrial content, we measured the primary regulator 
of mitochondrial biogenesis (PGC-1α), metabolic enzymes 
(citrate synthase [CS] and β-hydroxylacyl Co A dehydro-
genase [βHAD]), and proteins within the electron transport 
chain (succinate dehydrogenase [SDH] and cytochrome c 
oxidase, subunit IV [COXIV]). Before training, no age-
related differences (p > .05) were present for these select 
mitochondrial proteins.

Each protein increased after training with no age-related 
differences in the training response. Specifically, PGC-1α 
protein content increased (p < .05) after AET in YM (62% ± 
21%) and OM (55% ± 12%). AET increased (p < .05) levels 
of CS (YM: 102% ± 20%; OM: 65% ± 5%) and βHAD 
(YM: 435% ± 174%; OM: 397% ± 161%). Additionally, 
YM and OM had elevated (p < .05) levels of SDH (YM: 
52% ± 7%; OM: 46% ± 18%) and COXIV (YM: 126% ± 
39%; OM: 80% ± 48%) after AET (Figure 1).

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt107/-/DC1
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Mitochondrial Quality Control
We are the first to measure proteins associated with 

mitofusion (MFN1, MFN2, and optic atrophy protein-1) 
and mitofission (FIS1) to gain insight on mitochondrial 
dynamics within aging skeletal muscle before and after 
AET (Figure  2). Prior to training, there were no age-
related differences in mitofusion or mitofission proteins. 
We observed that YM and OM increased (p < .05) MFN1 
(YM: 55% ± 26%; OM: 93% ± 44%) and MFN2 (YM: 41% 
± 12%; OM: 36% ± 8%), whereas optic atrophy protein-1 
was unaltered with AET. FIS1 protein content was greater 
(p < .05) after AET in YM (117% ± 50%) and OM (201% 
± 98%). A  marker of mitochondrial antioxidant capacity, 
manganese superoxide dismutase, tended (p = .06) to be 
elevated in OM compared with YM before training, and the 

training-induced increase tended (p = .07) to be higher in 
OM (369% ± 87%) than in YM (220% ± 27%).

Cardiorespiratory and Exercise Capacity
VO

2peak
 (ml/kg/min) was higher (p < .05) in YM and was 

increased (p < .05) after AET in YM and OM. The increased 
VO

2peak
 was greater (p < .05) in YM (6.7 ± 1.1 ml/kg/min) 

compared with OM (2.6 ± 0.6 ml/kg/min; Figure 3). Similar 
statistical differences were observed for peak values of oxy-
gen pulse, ventilation, and workload (Table 2). Peak oxygen 
uptake efficiency was lower (p < .05) in the OM prior to 
training and increased (p < .05) after AET, independent of 
age. Maximum heart rate was lower (p < .05) in OM but not 
altered with AET in either YM or OM.
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Figure  1. Each protein representing mitochondrial biogenesis increased (p < .05) with aerobic exercise training, independent of age, suggesting mitochon-
drial adaptations are not impaired with age. †  =  main effect for time; p < .05. PGC  =  proliferator-activated receptor-γ coactivator 1α; CS  =  citrate synthase; 
βHAD = β-hydroxylacyl Co A dehydrogenase; SDH = succinate dehydrogenase; COX IV = cytochrome c oxidase, subunit IV; YM = young men; OM = older men.
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Figure 2. Markers of mitofusion (MFN1, MFN2) and mitofission (FIS1) increased (p < .05) with AET, independent of age. Elevated content of proteins related 
to mitochondrial dynamics suggests enhanced control of mitochondrial protein turnover and quality. † = main effect for time; p < .05. YM = young men; OM = older 
men.
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Whole-Muscle Size
Before training, YM had a larger (74 ± 2 vs 63 ± 4 cm2; 

p < .05) quadriceps femoris CSA than OM, whereas CSA 
was increased (p < .05) with AET, independent of age. The 
absolute change in quadriceps femoris CSA with AET is 
shown in Figure 3.

Discussion
The focus of this investigation was to examine the regu-

lation of mitochondrial biogenesis and dynamics, aerobic 
capacity (VO

2peak
), and skeletal muscle size (CSA) in YM 

(20 ± 1 y) and OM (74 ± 3 y) before and after 12 weeks of 
AET. Limited data exist directly comparing the impact of 
the same exercise prescription on mitochondrial and skel-
etal muscle adaptations in different age groups, whereas 
no studies have examined the influence of AET on mito-
chondrial dynamics in humans. In the current investigation, 
AET increased aerobic capacity, skeletal muscle size, and 
markers of mitochondrial biogenesis and dynamics in both 
young and older cohorts. These data indicate that OM main-
tain the ability to respond favorably to aerobic exercise at 

the mitochondrial, skeletal muscle, and whole-body levels, 
highlighting that AET should be considered a valuable tool 
to help offset the age-related loss of skeletal muscle mass 
and aerobic capacity.

To gain further insight into molecular regulation of mito-
chondrial health, we examined an assortment of proteins 
involved in biogenesis (PGC-1α), substrate metabolism 
(CS and βHAD), and oxidative phosphorylation (SDH and 
COXIV). Before training, these markers of mitochondrial 
biogenesis and content were not different between groups. 
Proteins affiliated with mitochondrial fusion (MFN1 and 
MFN2) and fission (FIS1) were also not different in OM 
compared with YM. There may be a relationship between the 
maintenance of mitochondrial quality control mechanisms 
and the preservation of surrogates for mitochondrial mass 
(eg, CS and SDH), but further research is needed. Mitofusion 
and fission proteins act as morphological governors, remov-
ing portions of mitochondria with mutations and/or damage 
to be degraded (21,35) and assisting in the synthesis of new 
organelles to maintain a mitochondrial domain or density 
within myofibers to meet energetic demands. Collectively, 
markers of mitofusion and mitofission are not different 
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Figure 3. Aerobic capacity (VO
2peak

) and skeletal muscle CSA increased after 12 weeks of aerobic exercise training in YM and OM. The absolute change in 
aerobic capacity (ml/kg/min) was greater (p < .05) in the YM vs. OM whereas the absolute increase in CSA was independent of age. † = main effect for time; 
$ = interaction; p < .05. YM = young men; OM = older men; CSA = cross-sectional area.

Table 2. Peak Values From the Graded Exercise Test Before (PRE) and After (POST) the Aerobic Training Intervention

YM OM

PRE POST Abs. Δ % Δ PRE POST Abs. Δ % Δ

VO
2
 (ml/kg/min)*†‡ 40.5 ± 2.8 47.2 ± 2.7 6.7 ± 1.1 17 ± 3 21.0 ± 1.0 23.6 ± 1.0 2.6 ± 0.6 13 ± 3

Heart rate (bpm)* 199 ± 1 194 ± 2 — — 147 ± 6 149 ± 7 — —
O

2
 pulse (ml/beat)*†‡ 16.9 ± 0.8 20.1 ± 1.0 3.2 ± 0.5 19 ± 3 12.1 ± 0.7 13.5 ± 0.8 1.4 ± 0.3 12 ± 3

VE (L/min)*†‡ 115 ± 8 133 ± 8 18 ± 3.4 16 ± 4 80 ± 4 86 ± 2 6 ± 2 8 ± 3
OUE (L/min)*† 3.5 ± 0.3 3.9 ± 0.2 0.4 ± 0.2 13 ± 5 1.9 ± 0.1 2.2 ± 0.1 0.3 ± 0.1 16 ± 4
Workload (Watts)*† 261 ± 12 313 ± 13 52 ± 5 20 ± 2 142 ± 6 172 ± 10 30 ± 8 21 ± 6

Notes: YM = young men; OM = older men; bpm = beats per minute; O
2
 pulse = VO

2
/heart rate; VE = ventilation; OUE = oxygen uptake efficiency (VO

2peak
/

Log
10

VE); absolute (Abs. Δ) and percent (% Δ) change are presented when statistical differences occurred with training.
*Main effect for age.
†Main effect for time.
‡Interaction.
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between YM and OM and appear to maintain mitochondrial 
protein content (eg, CS and SDH) during the normal, slow 
process of age-related atrophy (<1%/y) in OM (74 y).

The observation of no apparent age-related differences 
for select mitochondrial proteins is not surprising as 
research investigating aging mitochondria in human 
skeletal muscle is equivocal, with many observing no 
age-specific impairments, whereas numerous others find 
age-related mitochondrial deficiencies. The discrepancies 
between investigations are not completely understood, 
but we propose that mitochondrial content and regulation 
are more likely to be impaired in those individuals older 
than 80 years (36–38), suffering from severe muscle loss, 
chronic diseases, or orthopedic issues, which may limit 
normal physical activity (39–42). When removing these 
confounding variables, our data suggest that apparently 
healthy, free-living OM (74 y) do not display measureable 
effects of age on key proteins associated with mitochondrial 
biogenesis or dynamics compared with their young, 
sedentary counterparts.

We have demonstrated that mitochondrial biogenesis 
(ie, PGC-1α, CS, βHAD, SDH, and COXIV) and skeletal 
muscle hypertrophy occur within 12 weeks of AET, inde-
pendent of age. PGC-1α was increased after AET, which 
is supported by cross-sectional analysis demonstrating 
elevated levels of PGC-1α protein in older endurance-
trained subjects compared with a sedentary control group 
(12). In mice with overexpressed PGC-1α, the age-related 
loss of muscle mass, aerobic capacity, and mitochondrial 
function were eliminated, highlighting the importance of 
PGC-1α in maintaining a healthy skeletal muscle pheno-
type (43). Consistently, AET increased markers of mito-
chondrial biogenesis, muscle mass, and aerobic capacity 
in YM and OM. These data suggest that healthy OM (74 
y) match the robust mitochondrial adaptations to AET as 
observed in their young (20 y) counterparts, more than 
50 years younger.

An emerging role for PGC-1α is the regulation of mito-
chondrial dynamics (14). In this study, markers of mito-
chondrial fusion (MFN1 and MFN2) and fission (FIS1) 
were elevated after AET, independent of age. Recent data 
have revealed that acute exercise (44,45) and short-term 
training (46,47) increase markers of mitochondrial dynam-
ics in young individuals, supporting our data that suggest 
chronic exercise positively affects proteins associated with 
mitochondrial morphology and function in young and older 
adults. Animal models also demonstrate that acute and 
chronic exercise can alter markers of mitochondrial content 
and dynamics (48,49); however, the current investigation 
is the first to empirically establish the benefits of AET on 
mitochondrial quality control pathways in human muscle 
samples obtained from young and older individuals.

Improvements in mitochondrial health may also play 
a potential role in the exercise-induced increase of aero-
bic capacity and skeletal muscle size (6). AET has been 

traditionally characterized by improved aerobic capacity 
but less commonly acknowledged for its ability to induce 
skeletal muscle hypertrophy in sedentary individuals as 
has been previously established by our laboratory and 
others (28–30,50–56). Interestingly, our study is the first 
to report a similar increase of skeletal muscle CSA in 
YM and OM after the same AET program. The absolute 
increase of skeletal muscle CSA is similar to the skele-
tal muscle hypertrophy observed after the same 12-week 
AET program in older women (30). These findings are 
intriguing due to recent research speculating impaired 
training adaptations in older adults due to an attenuated 
metabolic response after an acute anabolic stimulus (ie, 
anabolic resistance) (57). The current data do not support 
the notion of anabolic resistance in OM (74 y) after 12 
weeks of AET and are reinforced by a study establishing 
increased basal levels of mixed-muscle protein synthesis 
after AET, independent of age (58). Taken together with 
our previous observations of reduced catabolic messenger 
RNA expression (ie, FOXO3A, myostatin) following AET 
(30), it appears that aerobic exercise may promote a posi-
tive protein balance favorable for skeletal muscle hyper-
trophy in sedentary individuals, independent of age. More 
research is needed to determine the connection of such 
molecular characteristics that occur concomitantly with 
skeletal muscle hypertrophy. Recent investigations have 
provided valuable insight on how an isoform of PGC-1α 
(ie, PGC-1α4) may reduce FOXO3A and myostatin mes-
senger RNA expression and induce skeletal muscle hyper-
trophy (59); however, further investigation is warranted 
to examine the impact of various exercise modalities. 
Additionally, further consideration of the acute exercise 
response in relation to chronic exercise adaptation is nec-
essary to gain an understanding of how AET can overcome 
age-related anabolic resistance within 12 weeks.

Our findings demonstrate that AET performed on a 
cycle ergometer increased skeletal muscle size and mark-
ers of mitochondrial biogenesis and quality control to a 
similar extent in YM and OM. This is the first study to 
demonstrate increased markers of mitochondrial dynam-
ics and biogenesis in YM and OM after 12 weeks of AET, 
providing plausible mechanisms for improving skeletal 
muscle and metabolic health after regular aerobic exer-
cise. Although there may be latent limitations in study-
ing a modest number of participants (six OM and seven 
YM), investigations with larger sample sizes would be 
welcomed to expand on these data that suggest that AET 
can positively impact the aging phenotype observed at the 
whole-body, whole-muscle, and subcellular levels in sed-
entary individuals. Although AET should be considered 
a practical intervention to combat the age-related decline 
of both aerobic capacity and skeletal muscle mass, more 
research is needed to improve our comprehension and 
translation of the molecular regulation to applied, clinical 
outcomes with advancing age.
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