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Abstract

Current dogma suggests aerobic exercise training has minimal effect on skeletal muscle size. We
and others have demonstrated that aerobic exercise acutely and chronically alters protein
metabolism and induces skeletal muscle hypertrophy. These findings promote an antithesis to the
status quo by providing novel perspective on skeletal muscle mass regulation and insight into
exercise-countermeasures for populations prone to muscle loss.
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Introduction

Aerobic exercise training is associated with improvements in aerobic capacity,
cardiovascular function and metabolic regulation, but the primary goal of this review is to
highlight the impact of aerobic exercise training on human skeletal muscle hypertrophy. The
current paradigm in skeletal muscle biology and exercise physiology is that aerobic exercise
has a negligible effect on skeletal muscle mass. However, over the past 40 years there are
several precedents demonstrating the impact of aerobic exercise training on skeletal muscle
growth. These studies address a novel area of skeletal muscle physiology pertinent to older
adults and other clinical populations experiencing muscle loss. Age-related skeletal muscle
atrophy is multi-factorial but includes physical inactivity, suppressed ability to synthesize
new proteins (9, 34) and reduced skeletal muscle fiber size and number. Research also
indicates a decline in mitochondrial function and elevated intracellular catabolic pathways in
aging human skeletal muscle, which is thought to influence protein metabolism and promote
the loss of skeletal muscle mass and function. Our findings suggest that aerobic exercise
training is a viable exercise prescription to mitigate age-related decrements in muscle mass
due to a reduction in catabolic mMRNA expression (21), induction of mitochondrial
biogenesis and dynamics (22) and increased muscle protein synthesis (15, 17, 34) that favor
myofiber and whole muscle hypertrophy in both young and older populations (16, 18).
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Moreover, we propose properly performed aerobic exercise leads to skeletal muscle
hypertrophy that is comparable to resistance exercise training. Therefore, the overall purpose
of this review is to: 1) Reveal the anabolic potential of aerobic exercise training; 2) Discuss
subcellular mechanisms to support muscle growth after chronic aerobic exercise; and 3)
Revise the dogma of aerobic exercise training in relation to skeletal muscle mass.
Collectively, the benefits of aerobic exercise training on skeletal muscle health are
underappreciated and not completely characterized. Therefore summarizing recent literature
will further highlight the established groundwork and stimulate future research to gain
valuable insight into the impact of this exercise prescription.

SKELETAL MUSCLE HYPERTROPHY

Whole Muscle Level

Historically, it has been assumed that aerobic exercise training has minimal impact on
skeletal muscle mass and therefore has received little scientific inquiry compared to
resistance exercise. However with the application of high resolution imaging techniques
(e.g., computed topography, magnetic resonance imaging) there is a growing body of
evidence that aerobic exercise training can induce skeletal muscle hypertrophy in sedentary
individuals ages 20 — 80y old (Table 1). Over 20 years ago, Schwartz et al. (33) were the
first to establish that 6 months of walking/running could elicit a 9% increase in thigh cross-
sectional area (CSA) of old men (68y). Within this study, old and young men performed
walking or jogging 5 times per week. Exercise intensity and duration were progressively
increased in 2-week segments, where the last 2 months consisted of exercise at 85% of heart
rate reserve (HRR) for 45 minutes. Although the old men experienced a robust increase in
skeletal muscle size, no changes in the young men were observed. The reason for the
discrepancy between groups is not completely known but the young men attended
significantly less exercise sessions than the old men. Therefore, these data suggest that
exercise frequency may play an important role in stimulating muscle growth with aerobic
exercise.

As with any exercise-training program in humans, adaptations are highly variable (19)
which could be why some studies have not observed increased muscle size. Although
skeletal muscle hypertrophy after aerobic exercise training is not ubiquitous, nearly all
studies examining muscle mass since 2005 (8 of 9) have reported skeletal muscle
hypertrophy in the muscle group(s) most utilized during exercise. Also, >70% of all
investigations utilizing cycle ergometry as the mode of exercise have observed an increase
in skeletal muscle mass in cohorts of apparently healthy younger, middle and older-aged
men and women (Table 1). A recent cross-sectional investigation reported that young,
middle and older-aged individuals who are highly aerobically active have greater knee
extensor power and associated leg lean mass compared to sedentary counterparts (8).
Collectively, these investigations provide convincing evidence that aerobic exercise training
is an anabolic stimulus in physically inactive subject populations.

The effectiveness of aerobic exercise training to induce skeletal muscle hypertrophy most
likely depends on obtaining sufficient exercise intensity (70-80% HRR), duration (30-45
minutes) and frequency (4-5 days per week) to achieve a large number of muscle
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contractions that places a high-volume, low-load on skeletal muscle compared to traditional
hypertrophic resistance exercise programs. In our investigations (16, 18, 21-23), participants
performed cycle ergometry for 12 weeks where exercise duration, intensity, and frequency
were progressively increased so the last 5 weeks consisted of 45 minutes per session, 80%
HRR, 4 times per week with a 100% exercise attendance (23). Our participants completed
~118,000 to 145,000 contractions per leg, inducing similar quadriceps femoris muscle
growth in both young and older individuals and concomitantly resulting in the well-accepted
improvements in aerobic capacity and peak workload (16, 18, 21-23). It has been modeled
that cycling at ~75% of peak aerobic capacity, an intensity similar to our studies and others,
creates an external load of ~38% of maximal dynamic muscle force (32). The concept of
high volume, low external loading stimulating muscle growth is supported by emerging
evidence that greater external loading during resistance exercise does not result in greater
gains of muscle mass (25). This study (25) compared the effects of three different leg
extension protocols (3 sets of 30% 1RM, 3 sets of 80% 1 RM, and 1 set of 80% 1RM) to
voluntary fatigue and found there were no differences between the protocols in terms of
muscle growth. Both 3 sets of 30% and 80% 1 RM elicited an increase of 7%, which is
similar to the hypertrophy observed with several aerobic exercise training protocols.
Therefore, it appears high volume but low external loading exercise (30-40% of maximum)
can elicit significant gains in skeletal muscle mass.

Aerobic exercise training can also improve muscle function and exercise capacity (8, 16,
23). Skeletal muscle power production has been correlated with the ability to perform tasks
of daily living while exercise capacity is inversely related to the prognosis of disease and
death. These relationships suggest that regular aerobic exercise can enhance the quality of
life by improving the functional capacity and reducing the risk of morbidity in adults.
Collectively, these observations provide impetus for clinicians and scientists to incorporate
aerobic exercise training as an efficient prescription to increase skeletal muscle mass and
functional capacity.

of Aerobic to Resistance Training Induced Skeletal Muscle Hypertrophy

Resistance exercise training is a conventional exercise prescription to induce skeletal muscle
growth. Therefore, to confirm the efficacy of aerobic exercise training in eliciting skeletal
muscle hypertrophy we compared our findings with a traditional resistance exercise program
that was conducted within the same laboratory (37). Therefore, the same methods were used
to analyze skeletal muscle size after 12 weeks of either resistance or aerobic exercise. A
study conducted by Trappe et al. (37) implemented 12 weeks of knee extension exercise (3
sets of 10 repetitions at 70% of 1 RM) in 67+2 year old men (n=8) and women (n=4). For
the purpose of this review we will focus on the placebo group (i.e., those who did not
consume acetaminophen or ibuprofen), which demonstrated a ~9% increase in quadriceps
femoris muscle volume after resistance exercise training (37). The gains in skeletal muscle
volume after resistance exercise training are not different from 12 weeks of aerobic exercise
training (the last 5 weeks consisting of 4 days/week, 45 min/day, 80% HRR). In a series of
studies with old women (70£2yr, n=9), old men (74+3yr, n=6), and young men (20£1yr,
n=7) the mean increase in skeletal muscle volume from all subjects is ~8% (16, 18).
Therefore, from investigations implementing 12 weeks of either resistance or aerobic
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exercise training, both modes of exercise have elicited a similar increase in quadriceps
muscle volume suggesting that both modes of exercise are equally effective at stimulating
hypertrophy in the muscles utilized over 12 weeks. These findings are supported by
Hudelmaier et al. (20) and remain consistent with exercise programs of 6 months duration
(29, 33). Collectively, studies observing skeletal muscle growth after aerobic exercise
training observe an average increase of over 7% (Table 1), which is comparable to the
hypertrophy after resistance exercise training (25, 29, 37).

Myofiber Level

When comparing aerobically trained to inactive individuals, trained individuals have larger
slow-twitch myosin heavy chain (MHC) I fibers (7, 13) and fast-twitch MHC lla fibers (14),
which appears to be an advantageous characteristic for superior performance. Additionally,
older endurance trained runners have larger MHC | fibers than either age-matched untrained
subjects (26) or younger adults matched for fitness (4). Therefore, cross-sectional study
designs indicate that long-term endurance exercise may promote myofiber hypertrophy and
could contribute to the enhanced functional capacity observed in life-long endurance
exercisers.

These data are supported by Coggan et al. (5) who observed increased MHC | and MHC lla
CSA in the gastrocnemius after 9-12 months of walk/run protocol (45 min/day, 4 days/
week, 80% heart rate max) in older men and women (64y). Our studies also reveal that 12
weeks of aerobic cycle ergometer training increased MHC 1 fiber CSA in the vastus lateralis
by 16% in older women (16) and approximately 20% in young and old men, collectively
(18) while no changes in CSA were observed for MHC lla fibers. Additional studies have
reported increased CSA of MHC | (12), MHC lla (1, 3) or both fiber types (5) while some
investigations have not (6). Collectively, it appears that observations of whole muscle
hypertrophy with aerobic exercise are reinforced by reports of increased myofiber size in the
majority of relevant studies.

MUSCLE PROTEIN METABOLISM

Muscle Protein Synthesis

The dynamic balance between the rate of muscle protein synthesis (MPS) and breakdown
(MPB) is a pertinent topic due to its impact on skeletal muscle hypertrophy and atrophy.
Much debate within the literature has been centered on observations that older adults (<80y)
may have a blunted increase in MPS after anabolic stimuli (i.e. anabolic resistance). The
reduced ability to synthesize muscle proteins after insulin, nutrition and/or resistance
exercise may contribute to age-related skeletal muscle atrophy, but these findings are
equivocal ((9), see for review). Pertinent to this review is the notion that implementation of
aerobic exercise may overcome limitations to stimulating MPS or muscle growth in older
individuals.

Specifically, acute aerobic exercise has the ability to restore anabolic sensitivity to insulin in
older adults, stimulating intracellular anabolic signaling pathways and generating a positive
protein balance not apparent in sedentary individuals (11). Similarly, performing aerobic
exercise the evening before consuming essential amino acids and carbohydrates increased
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MPS and induced a net positive protein balance in older adults while sedentary subjects
remained in a net negative protein balance (35). It appears that aerobic exercise improved
leg blood flow and amino acid delivery to skeletal muscle, overcoming age-related anabolic
impairments to hyperaminoacidemia and hyperinsulinemia during sedentary conditions.

When comparing age-specific MPS after acute and chronic aerobic exercise, both young
(15, 17, 24, 38) and older adults (10, 28, 34) increase MPS without any apparent age related
differences (10, 34) (Figure 1). One study (10) has proposed acute anabolic resistance in
older adults after a practical bout of aerobic exercise with amino acid infusion, however, the
MPS and mTOR signaling response was not different between age groups. The authors of
this study speculate that since older individuals have elevated intracellular amino acid (AA)
flux and concentrations they do not have the same MPS efficiency (i.e., MPS/intracellular
AA rate of appearance). These findings require further investigation because this hypothesis
suggests that older adults should have a greater increase in MPS relative to their younger
counterparts during recovery from acute aerobic exercise with amino acid infusion. Most
importantly, the equivalent anabolic response after the same stimulus suggests there may not
be an overall anabolic limitation in older individuals after aerobic exercise. Studies
exploring the possibility of acute anabolic resistance with age should implement long-term
exercise training to determine the temporal and mechanistic relationships that overcome this
potential impairment. Aerobic exercise training studies revealed 1). basal, mixed MPS
increased by 22%, independent of age (34) and 2). similar skeletal muscle mass accretion
assessed via MRI in young and old individuals (22) (Figure 1). Together, these
investigations indicate that any proposed acute anabolic resistance is overcome with chronic
exercise and further highlight the need to perform aerobic exercise training for the
improvement of skeletal muscle health.

An interesting observation in our study comparing young (n=7; 20y) and old men (n=6; 74y)
was that despite working at the same relative exercise intensity, old men self-selected a
lower cadence (70 vs. 81 RPM) resulting in ~19,000 less muscle contractions and completed
nearly half the total mechanical work. However, the old men garnered the same absolute
increase in skeletal muscle volume (~50 cm?3) as the young men (18); suggesting that old
men may be more sensitive at translating mechanical work into skeletal muscle growth (i.e.
muscle hypertrophy per work completed; Figure 2) and can reverse 15-20 years of age-
related muscle loss in a 12-week duration. These findings indicate that older men may be
more sensitive to regular anabolic stimuli (i.e., aerobic exercise) than young men (Figure 2).

While mixed MPS acutely and chronically responds to aerobic exercise, there may be reason
to speculate that alterations in protein metabolism of specific protein fractions are explicit to
the mode of exercise. An eloquent study reported that an acute bout of aerobic exercise
stimulates MPS in crude fractions of mitochondrial but not myofibrillar proteins before and
after 10 weeks of aerobic training in young adults (38). Unfortunately, muscle size,
composition and/or function were not presented and thus the relationship between
assessments of myofibrillar, mitochondrial and sarcoplasmic protein synthesis rates and
skeletal muscle health after exercise training remains unknown. Therefore future research is
warranted to determine MPS in distinctive sub-fractions, specific fiber types or isolated
proteins in both young and older adults and these data should be accompanied with skeletal
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muscle size, composition and function to provide a direct and comprehensive understanding
of the impact of aerobic exercise training on skeletal muscle protein quality. ldentifying
novel areas in protein metabolism research provide new opportunities for future study and
improve our knowledge of skeletal muscle physiology. Collectively, research revolving
around protein metabolism suggests aerobic exercise acutely and chronically stimulates
skeletal muscle protein synthesis, creating a myocellular milieu that coincides with
increased myofiber and whole muscle size after training.

Muscle Protein Breakdown

Due to the lack of an accepted methodology to accurately measure MPB in humans, the
literature is unclear and even equivocal within the same laboratory. Research has suggested
that post-absorptive protein breakdown is diminished, unaltered or elevated in older adults.
Due to various methodologies representing different protein pools (i.e., whole body, mixed
muscle, and myofibrillar muscle fraction) it is important to acknowledge that various protein
reservoirs and methodologies may yield dissimilar rates of protein turnover and thus affect
data interpretation.

A previous investigation found elevated levels of 3-methylhistidine in the interstitial fluid of
skeletal muscle from older adults, which represents increased actin and myosin proteolysis
(36). These data are supported by increased mMRNA expression of enzymes involved in the
ubiquitin proteasome pathway (UPP) as well as myostatin (27). The UPP is responsible for
the majority of intracellular protein degradation with strong associations between static
makers of the UPP (e.g., FOXO03a, MuRF-1, Atrogin-1) and skeletal muscle atrophy.
Additionally, myostatin is a potent inhibitor of muscle growth due to its role in satellite cell
regulation and MPS as well as potentially augmenting MPB. Therefore, reducing these
catabolic components creates plausible mechanisms to improve skeletal muscle mass with
exercise (Figure 3).

Acute bouts of aerobic exercise increase UPP mRNA, representing an increased drive for
MPB, while also reducing myostatin mMRNA expression, one potential mechanism leading to
increased MPS in young individuals (15, 17). These data likely indicate key molecular
components stimulating protein turnover and myocellular remodeling after acute, exercise-
induced cellular stress. Conversely, after repeated bouts of aerobic exercise (i.e., 12 weeks)
we observed significant reductions in basal FOXO3a (-24%) and myostatin (-49%) mRNA
expression in older women, with concomitant myofiber and whole muscle hypertrophy (21).
The decrease in catabolic factors after aerobic exercise training are supported by reductions
in UPP and/or myostatin mRNA after resistance training in young (30, 39) and older adults
(<80 y) (30). Interestingly, in one group of women over 80y old, resistance training did not
reduce basal UPP or myostatin mRNA expression (39) nor confer myofiber or whole muscle
hypertrophy; demonstrating clear associations between the reduction in UPP and myostatin
with skeletal muscle hypertrophy after exercise training (Figure 3). Advancements in
accepted methodologies to study MPB are needed to quantify the impact of exercise on
skeletal muscle health and propel our knowledge beyond static markers (e.g., mMRNA,
protein content) associated with the regulation of skeletal muscle protein metabolism. Most
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importantly, aerobic exercise training results in reduced catabolic factors and skeletal
muscle hypertrophy.

MITOCHONDRIA

Mitochondria are organelles within tissues that consume oxygen to convert substrates (i.e.,
lipids, carbohydrates) into ATP for energetically demanding processes. Muscle protein
synthesis is a costly process contributing to the high utilization of ATP by muscle cells
during basal conditions and can account for ~20% of resting energy expenditure. In addition
to energy provision, mitochondria may also be an important regulator of intracellular
signaling cascades that modulate skeletal muscle size and function. PGC-1a is a key protein
associated with mitochondrial biogenesis, however, emerging evidence suggests that
PGC-1a regulates many pathways including mitochondrial dynamics and protein
metabolism.

Mitochondria continually interact through dynamic processes of membrane fusion and
fission that regulate mitochondrial morphology (40). With long periods of physical
inactivity, as experienced with sedentary aging, excess mitochondrial oxidative stress can
create mutations to mtDNA and mitochondrial proteins. The fusion and fission of
mitochondria stabilize mtDNA by adjusting mitochondrial morphology and therefore
regulate function accordingly. In animals (i.e., knockout) and humans (i.e., mutations) that
lack mitofusion genes Mfn2 and Opal, there appears to be increased accumulation of
damaged mtDNA, impaired mitochondrial respiration, as well as skeletal muscle atrophy.
However, aerobic exercise training increases PGC-1a and proteins related to mitochondrial
fusion and fission in young and older adults (22). Increased mitochondrial dynamics may
improve mitochondrial function by reducing oxidant emissions and catabolic pathways,
therefore, lowering MPB; while also improving mitochondrial ATP production creating
sufficient energy for charging aminoacyl-tRNA for protein translation. Collectively,
improvements in mitochondrial morphology and function may contribute to skeletal muscle
anabolism after aerobic exercise training (Figure 3).

Furthermore, PGC-1a has also been linked to inhibiting FOXO3a intracellular signaling,
protein breakdown and skeletal muscle atrophy in cell culture and animal models (2),
providing another mechanistic link on how aerobic exercise training may prevent the decline
in mitochondrial abundance and skeletal muscle mass with age. Additional work in vitro and
in vivo revealed there are multiple isoforms of PGC-1a that induce divergent adaptations
and are regulated by two different promoter regions. PGC-1al, what is typically discussed
within the literature as PGC-1a, stimulated mitochondrial alterations leading to improved
oxidative capacity whereas PGC-1a4 induced skeletal muscle cell growth (31). After 8
weeks of resistance exercise PGC-1a4 was increased 1.5-fold while a combined training
program of both aerobic and resistance exercise increased PGC-1a4 twice that of the
resistance group alone (i.e., 3-fold) (31). These findings suggest that aerobic exercise may
potentiate the response to resistance exercise but surprisingly did not increase PGC-1a4
alone. These data are intriguing because along with the increased expression of PGC-1a4
there were concomitant reductions in catabolic mMRNA expression (FOX03a, MuRF-1,
myostatin) and increased insulin like growth factor. As discussed previously, reductions in
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these catabolic factors are similar to the reductions we observe after 12-weeks of aerobic
exercise training when there is marked skeletal muscle hypertrophy (21). These promising
mechanisms begin to unlock clues on how chronic aerobic exercise could stimulate both
mitochondrial and myocellular growth (Figure 3) but further work is needed to clarify these
potential connections.

Conclusion

This review provides considerable evidence to support that aerobic exercise training can
produce skeletal muscle hypertrophy. Multiple investigations demonstrate alterations in
skeletal muscle molecular regulation and protein metabolism that is conducive for increased
myofiber and whole muscle size after aerobic exercise training in sedentary individuals
(Figure 4). Cross talk between pathways regulating mitochondrial homeostasis and skeletal
muscle protein metabolism may play a role in the ability of aerobic exercise to stimulate
skeletal muscle hypertrophy. Collectively these data warrant that aerobic exercise training
should be acknowledged to increase skeletal muscle mass and be considered an effective
countermeasure for muscle loss with advancing age. More research is needed to understand
the complete influence of aerobic exercise as well as adjunct therapies (i.e., diet,
nutriceuticals, and non-traditional exercise) on skeletal muscle size, function and quality
across various age group and clinical populations.
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Figure 1.

Anabolic responses to acute and chronic aerobic exercise in young and old subjects. A. The
increase in muscle protein synthesis (MPS) was similar between young and old participants
after acute aerobic exercise with amino acid infusion (10). Data reported as the difference
between means before and after exercise. B. The increase in basal MPS (~22%) after 16
weeks of aerobic exercise training in young and old subjects were not different (34). Data
reported as mean * standard deviation. C. Similar increase in quadriceps femoris cross
sectional area (~4 cm?) after 12 weeks of aerobic exercise training in young and old men
(22). Data reported as mean + standard error.
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A. Skeletal Muscle Hypertrophy B. Anabolic Stimulus C. Anabolic Sensitivity
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Figure 2.

Comparison of skeletal muscle hypertrophy in relation to mechanical work completed
during a 12-week aerobic exercise training program (18). A. Aerobic exercise training
induced similar hypertrophy of the quadriceps femoris in weight stable young (n=7; 20£1y)
and older men (n=6; 74+3y). B. Young men completed nearly twice the mechanical work
during the aerobic training program. C. When skeletal muscle hypertrophy is expressed
relative to the anabolic stimulus (i.e. work performed (MJ)), it appears that old men were
more sensitive at converting mechanical work into skeletal muscle mass accretion (i.e.
anabolic sensitivity). MJ = Mega joules. * = difference between groups, T = training effect,

P<0.05.
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Figure 3.
In a condensed model, aerobic exercise training alters key intracellular signaling pathways

and mRNA expression related to both skeletal muscle protein metabolism (e.g., FOXO3a,
myostatin) (21) and mitochondrial dynamics and proliferation (22) that may be associated
with skeletal muscle hypertrophy. Reduced myostatin, a negative regulator of growth,
appears to promote a positive protein balance through the AKT-mTOR pathway and
increased muscle protein synthesis (MPS). When phosphorylated, FOXO3a is excluded
from the nucleus, which inhibits the transcription of ubiquitin E3 ligases, MuRF-1 and
Atrogin-1. Reduction of MuRF-1 and Atrogin-1 may assist in lowering muscle protein
breakdown (MPB) and promote a positive net protein balance. Emerging evidence (2)
proposes that PGC-1a inhibits FOXO3a expression therefore lowering muscle catabolism
and increasing mitochondrial biogenesis as observed after aerobic exercise training.
Collectively, increased mitochondrial dynamics and abundance may lead to improved
mitochondrial energetics (i.e., reduced ROS, increased ATP), which have been hypothesized
to modulate MPB and MPS. Aerobic exercise appears to alter MPB and MPS to create a
positive muscle protein balance and skeletal muscle growth; however, further research is
needed to fully elucidate the mechanisms associated with these hypotheses. ROS = reactive
oxygen species, ATP = adenosine triphosphate, P = phosphorylation.
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Aerobic exercise training (AET) has an effect on many mechanisms that may collectively

promote skeletal muscle hypertrophy.
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