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Ulk1-mediated autophagy plays an essential role in mitochondrial remodeling
and functional regeneration of skeletal muscle
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Ulk1-mediated autophagy plays an essential role in mitochondrial
remodeling and functional regeneration of skeletal muscle. Am J
Physiol Cell Physiol 312: C724–C732, 2017. First published March
29, 2017; doi:10.1152/ajpcell.00348.2016.—Autophagy is a con-
served cellular process for degrading aggregate proteins and dysfunc-
tional organelle. It is still debatable if autophagy and mitophagy (a
specific process of autophagy of mitochondria) play important roles in
myogenic differentiation and functional regeneration of skeletal mus-
cle. We tested the hypothesis that autophagy is critical for functional
regeneration of skeletal muscle. We first observed time-dependent
increases (3- to 6-fold) of autophagy-related proteins (Atgs), including
Ulk1, Beclin1, and LC3, along with reduced p62 expression during
C2C12 differentiation, suggesting increased autophagy capacity and
flux during myogenic differentiation. We then used cardiotoxin (Ctx)
or ischemia-reperfusion (I/R) to induce muscle injury and regenera-
tion and observed increases in Atgs between days 2 and 7 in adult
skeletal muscle followed by increased autophagy flux after day 7.
Since Ulk1 has been shown to be essential for mitophagy, we asked
if Ulk1 is critical for functional regeneration in skeletal muscle. We
subjected skeletal muscle-specific Ulk1 knockout mice (MKO) to Ctx
or I/R. MKO mice had significantly impaired recovery of muscle
strength and mitochondrial protein content post-Ctx or I/R. Imaging
analysis showed that MKO mice have significantly attenuated recov-
ery of mitochondrial network at 7 and 14 days post-Ctx. These
findings suggest that increased autophagy protein and flux occur
during muscle regeneration and Ulk1-mediated mitophagy is critical
for recovery for the mitochondrial network and hence functional
regeneration.

mitophagy; Unc-51-like autophagy activating kinase 1; torque; mus-
cle repair

SKELETAL MUSCLE has a remarkable ability to regeneration after
damage, and this regenerative capacity is conferred by myo-
genic stem cells located between the basal lamina and the
sarcolemma referred to as satellite cells. Satellite cells when
activated undergo proliferation, differentiation, and fusion to
the existing myofiber to provide new myonuclei (9, 22). This
myogenic process typically follows myofiber damage that can

happen throughout the human life span but may also play a
functional role in the maintenance of uninjured muscle myo-
nuclei and satellite cell populations (36, 45). At the same time,
a portion of the proliferating cells will exit the cell cycle to
resume quiescence and repopulate the satellite cell population
(27, 47). Recent studies show that the ability of satellite cells
to enter myogenic differentiation or resume quiescence in the
stem cell niches is negatively impacted by a poor cellular
milieu (2, 3, 10) such as observed during aging or in obese
people.

Macroautophagy is an evolutionally conserved cellular pro-
cess responsible for degrading protein aggregates and damaged
and/or dysfunctional organelles that are enveloped in a mem-
brane structure called an autophagosome, which eventually
merges with a lysosome (8, 31). After the cellular components
are broken down by this process, the byproducts (amino and
fatty acids) are used by the cell to synthesize new cellular
components. Despite the importance, very little is known about
the role of autophagy in skeletal muscle regeneration. Specif-
ically, existing evidence suggests that stimulating autophagy in
Duchenne muscular dystrophy promotes functional recovery;
however, it is unclear if autophagy is activated and required for
functional recovery after muscle injury (11, 35). Moreover,
mitophagy, a form of macroautophagy specific for the degra-
dation of damaged/dysfunctional mitochondria, and mitochon-
drial biogenesis both contribute significantly to mitochondrial
quality control (30). Under normal conditions, mitophagy is
believed to be a constantly ongoing process at a basal level
in skeletal muscle necessary for proper turnover of mito-
chondria (18). Under stressed conditions, this process may
be significantly enhanced to remove old/damaged mitochon-
dria to maintain the metabolic homeostasis (13, 46). For
example, Nichenko et al. (33) demonstrated that myotoxic
skeletal muscle injury causes mitochondrial damage and is
associated with increased expression of autophagy-related pro-
teins and activation of autophagy 2 wk postinjury. Together,
autophagy and mitophagy are generally accepted as being
important for normal skeletal muscle function, but many facets
of their functions remain unexplored. These include the cellu-
lar conditions that induce and/or activate autophagy and mi-
tophagy and the functional role of their related proteins during
skeletal muscle adaptation.
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Unc-51-like kinase 1 (Ulk1) is a necessary kinase for initi-
ating autophagy under the conditions of stress (17, 28). Ulk1
associates with autophagy gene 13 (Atg13) and FIP200, and
this Ulk1-Atg13-FIP200 complex can be regulated by the
mammalian target of rapamycin (mTOR) and AMP kinase
(AMPK) signaling cascades that sense cellular energy status
(20). Specifically, the Ulk1-Atg13-FIP200 complex is inhibited
by mTOR in the presence of nutrients and activated by AMPK
in low-nutrient states (16). Once activated, Ulk1 facilitates the
formation of the autophagosome along with autophagy-related
proteins Beclin1 (Atg6) and microtubule-associated proteins
1A/1B light chain 3A (LC3). Damaged proteins and organelles
are targeted to the developing autophagosome by the polyu-
biquitin-binding protein p62/SQSTM1 (p62). Following the
formation of autophagosome, fusion with a lysosome com-
pletes the degradation process. Importantly, cytosolic LC3
(LC3-I) is converted to LC3-II by conjugation to phosphati-
dylethanolamine (PE) during autophagosome formation. Upon
fusion of the autophagosome with the lysosome, LC3-II and
p62, which directly bind to LC3-II (34), are degraded. There-
fore, LC3 and p62 represent two of the most ubiquitous
autophagy-related proteins used to determine autophagy capac-
ity and autophagy flux (i.e., ongoing autophagic degradation).

While it is clear that muscle injury results in damages to
proteins and organelles, the extent to which autophagy partic-
ipates in the clearing of the damage products is unclear. The
objective of this study was to test if autophagy plays a role in
muscle regeneration and functional recovery after injury. We
hypothesized that inhibiting autophagy would compromise the
functional regeneration of muscle (i.e., force-generating capac-
ity).

MATERIALS AND METHODS

Animals and study design. All mice were housed in temperature-
controlled (21°C) cages in a specific-pathogen-free room with a
12:12-h light-dark cycle and free access to water and normal chow.
Ulk1 muscle-specific knockout mice (MKO) were generated by cross-
breeding myogenin-Cre mice (28) (generous gift from Dr. Eric Olsen)
with loxP-flanked Ulk1 mice (ULK1fl/fl). Inducible Ulk1 muscle-
specific knockout mice (iMKO) were generated by cross breeding
human �-skeletal actin MerCreMer (HSA-MCM) mice with loxP-
flanked Ulk1 mice (ULK1fl/fl). Wild-type (WT) littermates were used
as controls. All animal protocols were approved by the University of
Virginia Animal Care and Use Committee.

To determine the association between muscle regeneration and
autophagy, WT mice (C57BL/6) were injured using cardiotoxin (Ctx)
or ischemia-reperfusion (I/R) injury, and skeletal muscle was har-
vested at several time points during regeneration. Ctx is widely used
to induce muscle injury and regeneration in vivo (45) without signif-
icantly affecting the nerve or blood supply (21). Another cohort of
WT mice was subjected to I/R injury to determine if the association
between autophagy and muscle regeneration was conserved or limited
to myotoxic injury. To determine the role of autophagy during muscle
regeneration, two Ulk1 knockout approaches were utilized. Noninduc-
ible muscle-specific Ulk1 knockout mice (MKO) were used first to
determine if muscle contractile function is impaired in uninjured adult
skeletal muscle as a result of a developmental absence of Ulk1, in
addition to impaired recovery during muscle regeneration. The induc-
ible iMKO mice were used later to avoid compensatory or develop-
mental alterations that may confound the dissection of the role of Ulk1
during muscle regeneration. All experiments were initiated when
MKO, iMKO, and littermate controls were between 3 and 4 mo of
age. Cre activity was induced in iMKO mice by intraperitoneal

injection of tamoxifen (1 mg/day) for 10 days before the muscle
injury, which allowed sufficient turnover of Ulk1 protein given
consideration to its 16- to 24-h half-life (12, 24). This approach will
result in deletion of the Ulk1 gene only in differentiated myofibers
(see Fig. 5) but not prevent Ulk1 expression from the nuclei brought
into the adult myofibers by the satellite cells. However, considering
the short duration of the experiment, the contribution is limited, and
even if it is true that some nuclei from satellite cells may restore Ulk1
expression partially, it would further support the conclusion that
Ulk1-mediated autophagy is critical for functional muscle regenera-
tion.

Genotyping. DNA was isolated using a phenol-chloroform-based
DNA extraction protocol. PCR was performed with primers for the
myogenin-Cre allele (5=-AGGTTCGTTCACTCATGGA-3= and 5=-
TCGACCAGTTTAGTTACCC-3=), loxP-flanked Ulk1 allele (5=-TC-
CTTCAGCACCAGCCGCATTA-3= and 3=-GCAAACGCTAGTGT-
GAAGCGCA-5=), and the HSA-MCM allele (5=-GCATGGTGGA-
GATCTTTGA-3= and 3=-CGACCGGCAAACGGACAGAAGC-5=).
Cre-negative and iMKO mice that did not receive tamoxifen with
genotype of ULk1�/� or Ulk1fl/� were used as WT mice, and mice
with genotype of Ulk1fl/fl:Myog-Cre were used as MKO mice.

Muscle injury models. We modified a previously described muscle
injury model by injecting Ctx into the tibialis anterior (TA) or flexor
digitorum longus (FDB) muscle of 3-mo-old mice (23). Briefly, Ctx
(Naja nigricollis; 0.071 mg/ml diluted in saline; Calbiochem) was
injected into the left TA muscle (0.1 ml) or left FDB muscle (0.03 ml),
and an equal volume sterile saline was injected into the right hindlimb
muscle for control. The TA muscle was selected because of its
well-defined anatomical structure, our previous experience with Ctx-
induced injury and regeneration (45), its contribution to dorsiflexion
about the ankle joint, and our objective to assess its contractility
during the repair phase after injury. The FDB muscle was selected
because of our previous work with pMitoTimer and the ease to culture
the muscle fibers for confocal microscopy imaging (29). Injection of
Ctx or saline into the FDB was achieved by inserting a sterile needle
at a point close to the heel and advancing the needle subcutaneously
toward the base of the toes for 1/4 inch. Care was taken to ensure no
solution leaked from the puncture site following injection. Muscles
were harvested at 1, 3, 7, and 14 days postinjection. Contralateral
limbs were used as controls.

I/R injury was induced in 3-mo-old mice as previously described
(4). Briefly, while the mice were under anesthesia, the left hindlimb
was shaved and depilated. The body temperature was maintained at
37°C on a stage via a circulating water bath. A 4.0 oz, 1/8 in. rubber
band (Dentsply GAC International, Islandia, NY) was placed unilat-
erally above the femur using a McGivney hemorrhoidal ligator and
kept in place for 1 h, a duration long enough to induce tissue damage
and within clinical guidelines (14). Plantarflexor muscles were har-
vested at 0 (end of ischemic period), 3, and 12 h and 1, 2, 3, 7, and 14
days postinjury. Since posterior hindlimb muscles are the dominant
muscles for hindlimb muscle function, plantarflexor muscles were
selected for further analysis. Sham (Con) mice were subjected to the
same protocol without addition of the rubber band.

Immunoblot analysis. Skeletal muscle sample preparation for im-
munoblot was described previously (5). Briefly, skeletal muscle were
homogenized in extraction buffer [1% SDS, 5 mM EGTA, protease
inhibitors (Sigma), and phosphatase inhibitor cocktails 2 and 3
(Sigma)] and boiled for 5 min in the presence of reducing agent
�-mercaptoethanol, and supernatant was collected after 10,000 g spin
for 10 min. Protein concentration was determined using a bicin-
choninic acid kit (BCA; Pierce). Proteins were separated on 7, 10, or
15% SDS-PAGE gels before overnight transfer to PVDF membranes.
Membranes were probed with the following antibodies for immuno-
blot analysis: Ulk1 (1:1,000; 150 kDa; Cell Signaling), Beclin1
(1:1,000; 60 kDa; Cell Signaling), LC3 I/II (1:1,000; 14 and 16 kDa;
Cell Signaling), p62 (1:1,000; 62 kDa; Cell Signaling), cytochrome c
oxidase 4 (COX4; 1:1,000; 17 kDa; Cell Signaling), cytochrome c
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(Cyt C; 1:1,000; 14 kDa; Cell Signaling), myogenin (1:1,000; 40 kDa;
Abcam), tubulin (1:2,000; 52 kDa; Cell Signaling), �-actin (1:2,000;
40 kDa; Sigma), and 14-3-3 (1:2,000; 27 kDa; Cell Signaling).
Quantification of the proteins was performed using Li-Cor Biosystems
analysis software. For Ctx experiments, relative protein expression
across time points from injured muscles was compared with the
collective pool of contralateral control muscles. There was no signif-
icant difference among contralateral control muscles across the dif-
ferent time points (1–14 days, P � 0.58). For I/R experiments, relative
protein expression across time points from injured muscles was
compared with the collective pool of sham control muscle. There was
no significant difference among sham control muscles across the
different time points (immediate: 14 days, P � 0.73).

Mitochondrial imaging. FDB muscles fibers were transfected with
the pMitoTimer reporter gene as previously described (29). The
MitoTimer encodes a mitochondria-targeted green fluorescent protein
that was utilized to image the mitochondrial network using confocal
microscopy (29).

Cell culture. Mouse myoblast cell lines from American Type Culter
Collection (Manassas, VA) with fewer than eight passages were used
in all cell culture experiments. Myoblasts were cultured at subconflu-
ent densities (100,000 cells/well, 6-well plate, 9-cm2 surface area) for
24 h in growth media [GM: DMEM (high glucose) with 20% fetal
bovine serum and 1% penicillin/streptomycin]. Differentiation of
myoblasts into fused myotubes was induced by serum withdrawal,
i.e., incubating myoblasts in differentiation medium [DM: DMEM
(high glucose) with 2% horse serum, 1% penicillin/streptomycin, 50
mM HEPES, 10 �g/ml transferrin, and 10 �g/ml insulin], which was
replaced daily.

In vivo muscle function analysis. In vivo maximal isometric torque
of the ankle dorsiflexors (TA, extensor digitorum longus, and extensor
hallucis longus muscle) and ankle plantarflexors (gastrocnemius, so-
leus, and plantaris muscle) was assessed as previously described (1, 7,
40). For dorsiflexors, mice were anesthetized using 1% isoflurane in
oxygen, and then the left hindlimb was depilated and aseptically
prepared, the foot was placed in a foot-plate attached to a servomotor
(Model 300C-LR; Aurora Scientific, Aurora, ON, Canada), and Pt-Ir
needle electrodes (Grass Technologies, West Warwick, RI) were inserted
percutaneously on either side of the peroneal nerve that innervates the
dorsiflexor muscles. Peak isometric torque was achieved by varying the

current delivered to the nerve. Torque as a function of stimulation
frequency was also assessed. Measurement of torque for plantarflexors
was performed as outlined above with minor modifications. Briefly,
Pt-Ir needle electrodes were inserted percutaneously on either side of
the sciatic nerve that branches to the tibial nerve thus innervating the
ankle plantarflexor muscles. Electrodes were placed ~1 cm proximal
to the knee joint, which was secured with a knee clamp to maintain a
knee joint angle of 90° (pictures detailing the dorsiflexor and plan-
tarflexor electrode placement can be found in Ref. 6). To account for
differences in body size among mice, torque (mN·m) was normalized
by body mass (kg).

Statistics. All results are presented as means � SE. One-way
ANOVA was used to compare protein expression during C2C12 cell
differentiation (myoblasts to day 4 differentiation), during muscle
regeneration following Ctx (TA muscle), and following I/R (plantaris
muscle) injury. A two-way ANOVA was used to compare protein
expression, muscle mass, and torque between knockout mice and
littermate controls during muscle regeneration (genotype vs. injury).
A significant interaction of 0.05 was required to perform between-
variable post hoc analysis, and in such case a Tukey’s honestly
significance difference was performed.

RESULTS

Activation of autophagy and increased autophagy flux dur-
ing myogenic differentiation in vitro. To determine if au-
tophagy is associated with myogenic differentiation, an immor-
talized mouse cell line system was utilized, in which single
nucleated C2C12 myoblasts fuse to form multinucleated myo-
tubes in vitro (Fig. 1A). Protein expression of autophagy-
related genes was determined during serum withdrawal-in-
duced differentiation, including Ulk1, Beclin1, p62, and LC3.
Both Ulk1 and Beclin1 were gradually induced to approxi-
mately threefold peaking at day 4 as myoblasts were fully
differentiated into myotubes (Fig. 1, B–D, P � 0.05 relative to
myoblasts). LC3 was induced approximately sixfold during
C2C12 differentiation (Fig. 1, B–D, P � 0.05 relative to
myoblasts and day 1). Ulk1, Beclin1, and LC3 represent the
essential regulators of autophagy; therefore, these data suggest
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Fig. 1. Autophagy-related protein content
during myoblast differentiation. A and B:
representative contrast light images of differ-
entiating myoblast and immunoblot images
of Ulk1, Beclin1, LC3-I, LC3-II, p62, cyto-
chrome c oxidase complex IV (COX4), cy-
tochrome c (Cyt C), myogenin (myog), and
tubulin. C: quantification of Beclin1, Ulk1,
and total LC3, collectively an index of au-
tophagy capacity. D: quantification of p62,
LC3-II, and LC3-II/I ratio collectively an
index of autophagy flux. E: quantification of
COX4 and Cyt C as a measure of mitochon-
drial content. Results are represented as
means � SE from n � 4 separate cell culture
experiments per day; n � 4 for each time
point. *P � 0.05, significantly different from
day 1. **P � 0.05, significantly different
from day 2.
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increased overall capacity for autophagy during myoblast dif-
ferentiation.

To assess ongoing autophagic degradation activity (i.e.,
autophagy flux) during differentiation, the PE-conjugated form
of LC3 (LC3-II) and p62 were measured. Expression of p62
protein was reduced by 52% in myotubes at day 4 during
differentiation compared with proliferating myoblasts (Fig. 1,
B–D, P � 0.05). LC3-II protein content increased by approx-
imately twofold at days 3 and 4 compared with proliferating
myoblasts (Fig. 1, B–D, P � 0.05). These data suggest that
autophagy flux is increased along with myogenic differentia-
tion.

A more robust autophagy system during myogenic differen-
tiation may reflect the development of the metabolic capacity
of the myotube (15, 43). Consistently, the protein levels of the
electron carrier cytochrome c (Cyt C) and electron transport
chain protein in complex IV (COX4), which facilitates transfer
of electrons to oxygen, were significantly greater at days 2–4
(35–50%) compared with those in the myoblasts (Fig. 1, B–E,
P � 0.05). This suggests that the mitochondria reticulum is
expanding during the differentiation process, which may de-
mand greater autophagy for the maintenance of the growing
mitochondrial network.

Early increase in autophagy proteins and late increase in
autophagy flux during skeletal muscle regeneration in vivo. To
determine if induction of autophagy proteins and activation of
autophagy are associated with muscle injury and repair in vivo,
Ctx was injected into the left hindlimb TA muscle of WT
C57BL/6 mice. Beclin1 was profoundly induced (10-fold) at
day 1 postinjury relative to the contralateral control TA muscle
(P � 0.001), and the induction was reduced to basal level by
day 14 postinjury (Fig. 2, B–D). Ulk1 and LC3 were induced
with a peak at day 3 (P � 0.001) and day 7 (P � 0.001)

postinjury relative to the contralateral control, respectively, and
LC3 returned to the basal levels at day 14 while Ulk1 remained
slightly elevated (2-fold, P � 0.01: Fig. 2, B–D). p62 was also
profoundly induced at day 1 postinjury relative to the contralat-
eral control (P � 0.001) but reduced significantly at day 7 and
returned to the baseline by day 14. The rapid reduction of p62
at day 7 suggests an increase of autophagy flux (Fig. 2, B–D).
This was also confirmed by an increase in LC3-II at days 7 and
14 postinjury (Fig. 2, B–D, P � 0.01). There was a significant
reduction in COX4 and Cyt C content at days 3 and 7 relative
to the contralateral control (P � 0.05), suggesting loss of
mitochondria during muscle injury (Fig. 2E). Collectively,
these data demonstrate 1) that autophagy proteins (enhanced
autophagy capacity) increase transiently during early phase of
muscle regeneration; and 2) that autophagy flux increases at
around day 7, at the time after myogenic differentiation and
during maturation in muscle regeneration (45).

To further investigate the autophagic response during phys-
iological muscle regeneration, we subjected mice to I/R by
placing a rubber band tourniquet above the femur of the
hindlimb to occlude the circulation for 1 h followed by release
of the occlusion. It has been shown that I/R leads to prolonged
recovery compared with myotoxic injury despite no difference
in initial cell death (42). We observed clear evidence of muscle
regeneration following I/R (Fig. 3A). Similar to Ctx-induced
injury, I/R caused increased expression of Beclin1 (P �
0.001), Ulk1 (P � 0.05), and LC3 (P � 0.01), peaking between
days 3 and 14 compared with the sham operated control (Con)
(Fig. 3, B–D). p62 gradually increased following injury peak-
ing at day 2 (P � 0.001) yet remained elevated through day 7
(P � 0.01) (Fig. 3, B–D) followed by a reduction to basal
levels at day 14. The reduction of p62 is indicative of increased
autophagy flux, which is further supported by increased LC3-II
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Fig. 2. Autophagy-related protein content
during adult skeletal muscle regeneration. A:
representative histological images of regen-
erating muscle at 1, 3, and 14 days postinjury
relative to contralateral uninjured control:
scale bar � 200 �m. B: representative immu-
noblot images of Ulk1, Beclin1, p62, LC3-I,
LC3-II, myogenin, Cyt C, COX4, GAPDH,
and 14-3-3- for cardiotoxin (Ctx)-injured
muscles and contralateral control muscles at
1, 3, 7, and 14 days postinjury (D1, D3, D7,
and D14). C: quantification of Beclin1, Ulk1,
and total LC3, collectively an index of au-
tophagy capacity, during muscle regenera-
tion. D: quantification of p62, LC3-II, and
LC3-II/I ratio collectively an index of au-
tophagy flux, during muscle regeneration. E:
quantification of COX4 and Cyt C as a mea-
sure of mitochondrial content. Results are
represented as means � SE from n � 5 mice
for each day. *P � 0.05, **P � 0.01,
***P � 0.001, significantly different from
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protein at days 3 and 7 during the later phases of regeneration
(P � 0.05) (Fig. 3, B–D). There was a significant reduction in
COX4 (P � 0.05) and Cyt C (P � 0.01) content at day 7,
suggesting loss of mitochondria following I/R (Fig. 3E).

Ulk1 is required for mitochondrial remodeling in skeletal
muscle regeneration in vivo. To ascertain the role of Ulk1-
mediated autophagy, we crossed myogenin-Cre mice with
floxed-Ulk1 mice to generate skeletal muscle-specific Ulk1
knockout mice (MKO). Ulk1 has been shown to be essential
for mitophagy (28). We first tested if MKO mice have normal
muscle regeneration following Ctx injury. We chose muscle
regeneration at day 7 postinjury because the most dramatic
changes in autophagy proteins and autophagy flux occur at that
time (Fig. 2). Although TA muscle mass was significantly
lower than that of the uninjured muscles in both MKO and WT

mice (main effect of injury, P � 0.001), there was no interaction
among injured and uninjured MKO and WT mice (injury 	
genotype, Fig. 4A). We performed in vivo muscle functional
analysis for ankle dorsiflexor muscles and detected a signifi-
cant interaction between genotype and injury (P � 0.001).
There was no difference in muscle strength between uninjured
MKO and WT mice (Fig. 4B; P � 0.93). This suggests that
inhibition of basal Ulk1-mediated autophagy does not have
negative effects on muscle strength in the absence muscle
injury. However, MKO mice generated significantly less mus-
cle strength (48% recovery) compared with that of WT mice
(70% recovery) 7 days after muscle injury during regeneration
(Fig. 4B; P � 0.05). It is worth noting that the role of
autophagy on neuromuscular junction formation has not been
thoroughly investigated and was not the emphasis of this study
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and indeed strength data should be considered in the context
that impaired autophagy may alter muscle fiber excitability
during regeneration in the MKO mice. The expression of
mitochondrial proteins COX4 and Cyt C was significantly
reduced at day 7 following injury in both WT and MKO mice,
independent of genotype (main effect of injury, P � 0.05),
indicative of reduced mitochondrial content (Fig. 4, C and D).
Ulk1 deficiency did not affect Beclin1 induction or p62 and
LC3 protein accumulation with muscle injury compared with
the WT littermate controls (main effect of injury, P � 0.01;
Fig. 4, C–F).

To avoid any compensatory or developmental alterations in
MKO, we obtained inducible muscle-specific Ulk1 knockout
mice (iMKO), which allowed for deletion of the Ulk1 gene
from adult skeletal muscle. We subjected iMKO and WT
littermates to tourniquet-induced I/R and performed protein
and functional analysis at day 14. Under basal conditions there
was no difference in gastrocnemius (GA) wet weight between
WT and iMKO; however, there was a significant reduction in
weight in both WT (30%) and iMKO (25%) following I/R
injury (main effect of injury, P � 0.001; Fig. 4A). Again, there
was no difference in strength of posterior hindlimb muscles
between WT and iMKO at baseline; however, I/R resulted in a
dramatic loss of strength in WT (~30% recovery) that was
exacerbated in iMKO (~10% recovery) compared with non-I/R
control groups (significant interaction, P � 0.01; Fig. 5B).
There was a significant interaction between genotype and
injury (P � 0.05) showing that expression of COX4 and Cyt C
was significantly reduced in iMKO following I/R (~40 and
50%, respectively), while there was no significant loss of
COX4 and Cyt C expression in WT mice following I/R (Fig. 5,
C and D). These findings raise the question with regard to the
role of Ulk1, presumably mitophagy, in mitochondrial network
remodeling during muscle regeneration, possibly suggesting
impaired remodeling of the mitochondrial network and/or
biogenesis due to deletion of the Ulk1 gene. Consistent with
the time-course experiment, there was no difference in Ulk1
expression in WT I/R vs. WT Con at day 14 (Fig. 5, C–E; P �
0.36). Beclin1, p62, and LC3-II were induced in both iMKO

and WT following I/R compared with respective Con (main
effect of injury, P � 0.05), suggestive of increased autophagy
capacity (Fig. 5, C–F).

Ulk1 is required for mitochondrial network remodeling in
skeletal muscle during regeneration in vivo. Our findings in
muscle regeneration in vivo suggest that Ulk1-mediated au-
tophagy, presumably mitophagy, is important for recovery of
mitochondrial protein expression, presumably mitochondrial re-
modeling (less recovery of mitochondrial protein expression in
MKO mice), and most importantly for functional regeneration
(impaired muscle contractile function in MKO mice after injury).
To address the importance of Ulk1 in the remodeling of mito-
chondrial network during muscle regeneration, we performed
somatic gene transfer of a novel mitochondrial reporter gene,
pMitoTimer (29), in MKO mice and WT littermate mice followed
by Ctx-induced injury. This mitochondrial reporter gene was
recently established by us for assessment of mitochondrial con-
tent, structure, oxidative stress, and mitophagy (29). Ten days
before muscle injury, left hindlimb FDB muscles from MKO and
WT littermates were transfected with pMitoTimer. At 1, 3, 7, and
14 days postinjury, confocal microscopy was performed to ob-
serve the mitochondrial network in injured and uninjured FDB
muscles (Fig. 6). Normal striated alignment of intramyofibrillar
mitochondria along Z-lines was observed with no noticeable
difference in mitochondrial networks in uninjured FDB muscle
between MKO and WT mice. Ctx-induced injury resulted in
profound mitochondrial fragmentation at days 1 and 3, but a
decent recovery of striated alignment of mitochondria was ob-
served at day 7 and a nearly normal structure at day 14 in WT
mice. This mitochondrial network recovery was significantly
delayed in MKO mice (Fig. 6). These data strongly suggest that
Ulk1 is necessary for proper mitochondrial remodeling during the
maturation phase of muscle regeneration, which may account for
impaired functional recovery after Ctx injury in MKO mice.

DISCUSSION

Autophagy is an important cellular process for maintaining
organelle quality in skeletal muscle (30, 38), but little is known
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about its induction and functional role under conditions of
stress and injury. We have previously demonstrated that en-
durance exercise training enhances autophagy protein expres-
sion and basal autophagy and that autophagy, specifically the
expression of Beclin1, is necessary for mitochondrial biogen-
esis in skeletal muscle and for improved physical performance
with exercise training (32). Herein, we tested the hypothesis
that autophagy plays an important role during muscle regen-
eration, which typically occurs following trauma or strenuous
bouts of exercise. We observed a clear induction of autophagy
protein expression in a cell culture model of myogenic differ-
entiation (Fig. 1). We then showed pronounced, transient
induction of autophagy proteins early during muscle regener-
ation followed by increased autophagy flux in the late phase of
maturation during muscle regeneration (Figs. 2 and 3). Impor-
tantly, mice with muscle-specific deletion of the Ulk1 gene,
which has been shown to be essential for mitophagy (mito-
chondrial-specific autophagy) (39), displayed significantly im-
paired functional recovery with attenuated recovery of mito-
chondrial electron transport chain protein expression (Fig. 5).
Using a novel mitochondrial reporter gene, pMitoTimer, we
have obtained clear evidence that remodeling of mitochondrial
network during the late stage of muscle regeneration is depen-
dent on functional Ulk1 in skeletal muscle (Fig. 6). We
conclude that autophagy, presumably mitophagy, is necessary
for the mitochondrial remodeling and timely recovery of mus-
cle function after injury.

We can approximate two phases of mitochondrial remodel-
ing after injury: 1) mitochondrial degradation, and 2) mito-
chondrial network reorganization. Mitochondrial degradation
is noticeable by fragmented mitochondria and a clear absence
of mitochondria localized around the contractile units in both
WT and MKO mice at 24 h postinjury (Fig. 6). At days 7 and
14 postinjury, the mitochondrial network becomes noticeable
again in WT mice, even though total mitochondrial content has
not yet returned to normal (Cyt C and COX4 in Fig. 4). In
contrast, the mitochondrial network is much less developed in
MKO mice at days 7 and 14 postinjury, and total mitochondrial
content is even less compared with WT mice (Fig. 5). This
suggests that Ulk1-mediated autophagy is important for the
reorganization of the mitochondrial network after muscle dam-
age, which is critical for optimal functional recovery.

Muscle regeneration is a metabolically demanding process
that may depend on a well-developed mitochondrial network.

Wagatsuma et al. (43) used chloramphenicol to inhibit mito-
chondrial protein synthesis after muscle damage and showed a
reduction in muscle fiber cross-sectional area at 7 days, sug-
gesting that an impaired mitochondrial network can negatively
affect muscle repair. Nichenko et al. (33) advanced this narra-
tive and connected mitochondrial maintenance to autophagy by
chronically treating mice with an autophagy inhibitor (3-
methyladenine) and showing less recovery of mitochondrial
enzyme activities and muscle strength at 14 days after injury.
Herein, we used a gene deletion method to precisely examine
how a healthy mitochondrial network may be linked to muscle
regeneration through autophagy. Indeed, the absence of Ulk1
unequivocally was associated with less recovery of muscle
strength (Figs. 4 and 5) and delayed mitochondrial remodeling
(Figs. 5 and 6). A true causal link between delayed mitochon-
drial remodeling (protein expression and/or proper alignment)
and muscle weakness cannot be drawn from this study, but this
work does highlight the importance of autophagy in functional
regeneration in skeletal muscle.

A role for autophagy in muscle regeneration can be drawn
from recently findings in satellite cells. Tang and Rando (41)
reported muscle fibers and isolated satellite cells treated with
the autophagy inhibitors 3-methyladenine and chloroquine had
less DNA replication, indicating autophagy is critical for sat-
ellite cell activation. They concluded that satellite cell activa-
tion is metabolically demanding and that autophagy played an
important role in facilitating satellite cell transition from qui-
escence to activation. Garcia-Prat et al. (19) demonstrated that
defective autophagy was responsible for satellite cell senes-
cence, a feature of muscle aging, and that rescuing autophagy
induction led to greater fiber cross-sectional area 8 days after
injury in skeletal muscle from aged mice. Here, our genetic
model did not affect satellite cells, which allowed us to gain
insight the role of autophagy in differentiated/mature myofi-
bers in skeletal muscle (Figs. 1–3).

To explore the activity of autophagy and the requirement of
Ulk1-mediated autophagy during recovery from injury, we
utilized two established models of muscle injury, Ctx and I/R.
A side-by-side functional and histological comparison has been
previously reported (42). Ctx and I/R injury cause temporary
functional deficits due to cellular damage to critical contractile,
cytoskeletal, and metabolic proteins (25, 37, 44). I/R injury,
however, is more heterogeneous leading to regional differences
in regeneration within the injured muscle compared with Ctx

Con                          D1                              D7                             D14

Con                          D1                              D7                             D14

WT

MKO

Fig. 6. Mitochondrial network organization
during muscle regeneration. Confocal mi-
croscopy analysis of the MitoTimer reporter
gene was performed for somatic gene trans-
fer-transfected flexor digitorum longus mus-
cle following muscle injury at 1, 7, and 14
days of recovery and compared with the
contralateral uninjured muscle (n � 4 mice
per time point).
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injury. The difference between these two models is supported
by differences in central nucleated fibers (marker of ongoing
regeneration) and inflammatory cell infiltration (42). This no-
tion is further supported by our analysis of autophagy flux.

Autophagy flux defines the rate of ongoing autophagic
degradation activity within a cell. The most ubiquitous markers
of autophagy flux are expression and localization of the struc-
tural proteins LC3 and p62 (26). Although not part of our
intended analysis, there were clear differences in p62 and
LC3-II protein content during regeneration following Ctx and
I/R injuries. Specifically, peak p62 and LC3-II expression was
much greater following Ctx compared with I/R injury (Figs. 2
and 3), likely reflecting the difference in heterogeneity of the
injury. Additionally, p62, which is responsible for targeting
damaged proteins to the autophagosome, peaked at day 1 after
Ctx injury compared with day 2 after I/R injury (Figs. 2 and 3),
demonstrating a different timing of maximal protein damage
and a need for degradation processes. This finding supports
that there is a difference of pathophysiology between the two
injuries models and that therefore the timing and magnitude of
the autophagy process are different. That said, current technol-
ogies to assess autophagy flux are limited to multiple static
measurements of autophagy gene transcript levels as well as
protein expression and localization performed over a time
course (26). To better distinguish assess autophagy flux, it is
best to conduct additional experiments, in which a drug (such
as bafilomycin or chloroquine) is used target the final step of
autophagy (26). While our data support the overall hypothesis
that autophagy capacity and flux are greater during muscle
regeneration, more precise experiments are required to further
elucidate autophagy flux.

In conclusion, using ex vivo and in vivo approaches that
span the cellular to whole tissue, we demonstrate that increased
autophagy capacity and flux occur during the muscle regener-
ative process. Skeletal muscle-specific Ulk1 deficiency causes
impaired functional muscle regeneration and mitochondrial
network reorganization. It is currently unclear what cellular
responses to injury (e.g., inflammatory cells migration) are
leading to autophagy induction, but it is clear that autophagy,
presumably mitophagy, plays an important role during muscle
regeneration.
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