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ABSTRACT

Macroautophagy/autophagy induction, i.e., the formation of autophagosomes, is robust following many
forms of muscle injury. Autophagy inhibition studies strongly indicate that autophagy is necessary for
successful muscle fiber recovery. Now, there are accumulating pieces of evidence indicating that
autophagosome clearance, i.e., autophagy flux, does not increase to match the burden of accumulating
damaged proteins and organelles after muscle fiber damage, creating a bottleneck effect. Some
potential consequences of the bottleneck effect are reduced regenerative capacity marked by the
inadequate activation of muscle stem cells (i.e., satellite cells) and a lesser commitment toward differ-
entiation due to a deficiency in energetic substrates and/or molecular signaling pathways. These
findings highlight an emerging area of investigation for both autophagy and muscle regeneration fields.
The identification of the molecular mechanisms governing autophagy and autophagy flux may serve as
targets for future therapies to enhance the recovery of its function in healthy and diseased muscle.

Abbreviations: BNIP3: BCL2/adenovirus E1B interacting protein 3; CQ: chloroquine; DMD: Duchenne
muscular dystrophy; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; ULK1: unc-51 like
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Introduction

Skeletal muscle injury caused by exercise or trauma (e.g.,
contusion, crush, blast, freezing, penetration, laceration)
results in the physical disruption of the force-generating
and/or force-transducing proteins, thereby causing an
immediate loss of strength [1]. The functional recovery of
skeletal muscle is accomplished through a sequence of phases:
degradation, inflammation, regeneration, and remodeling
phases [2,3]. The importance of these phases is emphasized
by the fact that 1) disruption of any one of these phases results
in a protracted recovery, and 2) regenerative medicine
approaches commonly seek to augment these phases to expe-
dite muscle healing. Autophagy is recognized across many
tissue types and cellular conditions as a process for maintain-
ing cellular homeostasis through the removal of damaged
proteins and/or organelles. While it is not surprising that
autophagy should play a role in skeletal muscle recovery, the
area remains a topic of open investigation and intrigue.
Over the past decade, the association between muscle damage
and autophagy has been well established in the literature.
Strenuous bouts of exercise, which can cause the most common
type of contraction-induced muscle injury, have been shown to
increase autophagy protein content in the human and rodent
skeletal muscle [4,5]. More direct examples linking autophagy to
muscle damage come from the field of muscular dystrophy, i.e.,
Duchenne muscular dystrophy (DMD). Basil Petrofs group
showed that dmd/mdx (dystrophin, muscular dystrophy) mice,
the most common animal model for DMD that presents with

continuous muscle damage and recovery, have greater ULKI,
LC3, and BNIP3 protein content compared to the wild-type
control mice. With further stimutation of autophagy using the
AMP-activated protein kinase (AMPK) agonist AICAR, the
result was an increase in skeletal muscle contractility and mito-
chondrial content in dmd mice [6]. The rationale is that greater
clearance of damaged and/or dysfunctional proteins via autop-
hagy stimulation improves muscle strength. In agreement, Bibee
and colleagues stimulated autophagy using rapamycin nanopar-
ticles, relieving MTORCI1-mediated autophagy suppression and
reported greater skeletal and cardiac muscle contractility in dmd
mice [7]. Clearly, there was evidence linking muscle injury and
recovery processes with autophagy, but definitive studies on the
necessity of autophagy were still lacking.

In 2016, we reported that 3-methyladenine-treated mice had
significantly less recovery of muscle strength and less recovery of
mitochondrial enzyme activities two weeks post-injury [8]. Also,
Kahana and colleagues demonstrated that CQ impaired muscle
regeneration in zebrafish [9]. Both studies provide evidence that
chemical-induced autophagy inhibition negatively affects mus-
cle fiber repair. Indeed, more direct evidence comes from knock-
out mouse studies of autophagy proteins. For instance, skeletal
muscle-specific knockout of UlkI, responsible for autophagy
initiation, slows the recovery of muscle strength in mice after
injury [10]. Ketan Patel’s research group reported that mice with
genetically altered Atgl6ll (autophagy related 16-like 1
[S. cerevisiae]) [11], which participates in autophagosome elon-
gation, had impaired muscle regeneration after an injury as well
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[12]. Importantly, autophagy induction occurs during myoblast
differentiation and after muscle injuries, including eccentric
contraction-induced injury, myotoxic injury (i.e., cardiotoxin),
ischemia-reperfusion injury, freeze injury, ischemia, and rotator
cuff injury [8,10,13-15]. These observations are important to
acknowledge because the cellular mechanisms of recovery are
injury-dependent [16], yet autophagy is common among them
all. Therefore, these studies collectively demonstrate that
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autophagy is a consistent response to skeletal muscle damage
and a necessary component for a successful recovery.

The process of autophagy is complete when assembled
autophagosomes fuse with the lysosomes, and the degraded
end-products (e.g., nucleic, amino, and fatty acids) are
released into the cell (Figure 1). Our recent results indicate
that autophagosome clearance, i.e., autophagy flux, does not
increase to match the burden even if muscle damage leads to
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Figure 1. The timing of the autophagic response to muscle damage places it among the degradation and inflammation phases of muscle recovery. Autophagy is
among the important cellular processes for the removal of damaged proteins and/or organelles after muscle damage. Both contractile proteins and mitochondria can
be removed by autophagy. Recent work discussed within this commentary highlights two possible limitations of autophagy during muscle recovery: First, an inability
to match autophagy flux with autophagosome numbers creating an autophagy bottleneck; and second, insufficient autophagy within the adult muscle fiber and/or
the muscle stem cell negatively influences stem cell behaviors, such as proliferation and commitment to differentiation.
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an abundance of autophagosomes. By utilizing the GFP-LC3-
RFP-LC3AG fluorescent probe (Addgene, 84572; deposited by
Noboru Mizushima) and 2-photon microscopy, we detected
an abundance of autophagosomes in injured skeletal muscle
cells, yet there was a decrease in autophagy flux compared to
uninjured muscle cells [13]. Abhinav Diwan and colleagues
reported a similar finding in cardiomyocytes when ischemia-
reperfusion injury resulted in the accumulation of BECN1 and
reduction of LAMP2 (lysosomal-associated membrane pro-
tein 2), indicating slowed autophagy flux [17]. We can also
return to the DMD literature where Lucia Latella’s research
group showed deficient autophagy flux in the dmd mouse
during the disease progression [18]. These studies illustrate
the presence of an autophagy bottleneck in the recovering
muscle cells as autophagy is mounting a response to clear
damaged proteins and organelles but is limited in its capacity
to degrade those autophagosomes (Figure 1). Clearly, thera-
peutic strategies targeting autophagy flux are warranted and
could impact muscle repair across organs (e.g., skeletal and
cardiac muscle) and pathologies.

The end-products of successful autophagosome clearance
can be used as molecular building blocks (e.g., DNA replica-
tion), metabolic fuels (e.g., fatty acid oxidation), and/or in
molecular signaling. Interestingly, Lucia Latella’s research also
shows that muscle biopsies from boys with DMD have
a reduced autophagic response during disease progression
that corresponds with a reduction in muscle stem cell, i.e.,
satellite cell, activity [18]. Additionally, CQ-treated dmd mice
have reduced satellite cell commitment to differentiation and
repair. Because CQ was administered i.p., autophagy within
the muscle fiber must also be considered to potentially influ-
ence satellite cell activation. A finding from our recent work
sheds more light on the subject that satellite cells may be
influenced by autophagy signaling within the adult muscle
fiber. Specifically, we used a Myog (myogenin)-Cre model to
drive the Ulkl genomic deletion, thereby eliminating ULK1
protein in adult muscle fibers, but not in satellite cells. Despite
this, we reported less satellite cell activation and commitment
to differentiation following muscle damage in our ULKI-
deficient animals [13]. In the last four years, there have been
several reports highlighting the specific role of autophagy
within satellite cells [12,18-20]. The consensus is that autop-
hagy is critical for helping to provide energy for the energe-
tically demanding proliferative phase, and by providing
a method for cellular remodeling during differentiation. Our
work extends the role of autophagy for satellite cell function
to the molecular signaling of the adult myofiber (Figure 1).

In summary, research conducted primarily in the last ten
years has advanced our appreciation for autophagy during
muscle fiber repair. Autophagy is robust and occurs following
multiple types of muscle injuries. However, there are appar-
ent limitations during the autophagic process, and data from
our lab and others strongly indicate late-stage autophagy, i.e.,
autophagosome clearance, is not adequate to match the bur-
den of damaged proteins and organelles resulting from mus-
cle damage and this potentially has negative consequences on
satellite cell activation. Autophagic insufficiency is reported
in pathologies ranging from aging to DMD. Defining the

molecular regulation of autophagy flux and autophagy-
linked satellite cell signaling are achievable goals for the
next ten years of research. Such advancements may help
develop future regenerative medicine approaches to bolster
muscle repair in otherwise healthy muscle and diseased mus-
cle alike.
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