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Nichenko AS, Southern WM, Atuan M, Luan J, Peissig KB, Foltz
SJ, Beedle AM, Warren GL, Call JA. Mitochondrial maintenance via
autophagy contributes to functional skeletal muscle regeneration and
remodeling. Am J Physiol Cell Physiol 311: C190–C200, 2016. First
published June 8, 2016; doi:10.1152/ajpcell.00066.2016.—The primary
objective of this study was to determine whether alterations in mito-
chondria affect recovery of skeletal muscle strength and mitochon-
drial enzyme activity following myotoxic injury. 3-Methyladenine
(3-MA) was administered daily (15 mg/kg) to blunt autophagy, and
the creatine analog guanidionpropionic acid (�-GPA) was adminis-
tered daily (1% in chow) to enhance oxidative capacity. Male
C57BL/6 mice were randomly assigned to nontreatment (Con, n � 6),
3-MA-treated (n � 6), and �-GPA-treated (n � 8) groups for 10 wk.
Mice were euthanized at 14 days after myotoxic injury for assessment
of mitochondrial remodeling during regeneration and its association
with the recovery of muscle strength. Expression of several au-
tophagy-related proteins, e.g., phosphorylated Ulk1 (�2- to 4-fold,
P � 0.049) was greater in injured than uninjured muscles, indicating
a relationship between muscle regeneration/remodeling and au-
tophagy. By 14 days postinjury, recovery of muscle strength (18%
less, P � 0.03) and mitochondrial enzyme (e.g., citrate synthase)
activity (22% less, P � 0.049) were significantly lower in 3-MA-
treated than Con mice, suggesting that the autophagy process plays an
important role during muscle regeneration. In contrast, muscle regen-
eration was nearly complete in �-GPA-treated mice, i.e., muscle
strength recovered to 93% of baseline vs. 78% for Con mice. Re-
markably, 14 days allowed sufficient time for a near-complete recov-
ery of mitochondrial function in �-GPA-treated mice (e.g., no differ-
ence in citrate synthase activity between injured and uninjured, P �
0.49), indicating a robust mitochondrial remodeling process during
muscle regeneration. In conclusion, autophagy is likely activated
following muscle injury and appears to play an important role in
functional muscle regeneration.

mitophagy; Unc-51-like autophagy-activating kinase 1; torque

MUSCLE REPAIR occurs in four main phases: degeneration, in-
flammation, regeneration, and remodeling (15). Satellite cells
activated during the early phases of muscle repair largely
contribute to muscle regeneration, primarily by providing nu-
clei. The latter remodeling phase plays an important role in

final restoration of contractile, structural, and metabolic organ-
elles critical to complete recovery of muscle function. Emerg-
ing evidence indicates a transition in metabolic demand during
muscle regeneration and remodeling that may signify an im-
portant role of the mitochondria in muscle repair (25). Impor-
tantly, myoblast differentiation is terminated if mitochondrial
DNA (mtDNA) replication is impaired in vitro (12). Addition-
ally, genes associated with mitochondrial biogenesis are up-
regulated 3–10 days after injury in vivo (28). Therefore, the
energy demands of muscle regeneration may rely in part on the
contribution of oxidative phosphorylation from the mitochon-
dria. There is evidence of mitochondrial damage after muscle
injury (9, 28), and the cellular mechanisms responsible for
removal and replacement of those damaged mitochondria are
not completely known.

The potential impact of impaired mitochondrial maintenance
on skeletal muscle recovery is worth considering, particularly
if an accumulation of dysfunctional mitochondria after several
bouts of muscle injury could negatively affect muscle function.
In support of this idea, muscle function was improved follow-
ing genetically induced mitochondrial biogenesis in a mouse
model of Duchenne muscular dystrophy that is characterized
by perpetual muscle injury and regeneration (mdx mouse) (27).
Additionally, stimulation of autophagy (a cellular process es-
sential for degradation of dysfunctional and/or damaged organ-
elles) in the mdx mouse decreased the presence of dysfunc-
tional mitochondria and was associated with an improvement
in muscle function (24). These studies suggest that manipula-
tion of muscle mitochondria can impact muscle function and
support a model in which mitochondrial remodeling after
injury may utilize autophagy to remove damaged mitochon-
dria. Accordingly, impaired or insufficient autophagy could
lead to an accumulation of dysfunctional mitochondria, which
could adversely affect a muscle’s function if the muscle were
to undergo repeated bouts of injury. The role of autophagy
during muscle regeneration is unclear, but autophagy is critical
for maintaining skeletal muscle mass in young and aged mice
(19, 26); therefore, autophagy may contribute to a muscle’s
health in many ways. Elucidation of the relationship between
autophagy and muscle repair could provide therapeutic targets
to enhance muscle regeneration.

The primary objective of this study was to determine the
extent to which alterations in mitochondria affect functional
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muscle regeneration and the remodeling of mitochondria after
injury. A broad-range autophagy inhibitor [3-methyladenine
(3-MA)] and a creatine analog [guanidinopropionic acid (�-
GPA)] were used to impair and enhance, respectively, the
mitochondria in skeletal muscle. We hypothesized that muscle
regeneration would be associated with an autophagy response
and that manipulation of the mitochondria would affect func-
tional muscle and mitochondrial regeneration.

MATERIALS AND METHODS

Experimental design. Eight-week-old male C57BL/6J mice (Jack-
son Laboratories) were housed at 20–23°C on a 12:12-h light-dark
cycle, with food and water provided ad libitum. At 9 wk of age, mice
were randomized to control (Con, n � 6), 3-MA-treated (n � 6), and
�-GPA-treated (n � 8) groups. To detect a 15% difference in recovery
of muscle strength at 14 days postinjury with the assumption of a
power of 0.7 and an �-level of 0.05, it was determined, on the basis
of our previous physiological muscle contractility measurements for
control C57BL/6J mice, that sample sizes of at least five mice per
group were necessary. At least one additional mouse per group was
included to account for experimental losses.

To determine if 3-MA or �-GPA affected muscle function in the
absence of injury, contractile functions (i.e., peak isometric strength
and fatigue) were analyzed for the ankle dorsiflexor muscles (tibialis
anterior, extensor digitorum longus, and extensor hallucis longus)
after 8 wk of treatment. Immediately following contractile assessment
of the dorsiflexor muscles, the tibialis anterior and gastrocnemius
muscles were injected with cardiotoxin to induce injury. The rationale
for injuring the gastrocnemius muscles was to have sufficient tissue
for biochemical assessment at 14 days postinjury. Muscle strength
was assessed 1 min after cardiotoxin injection and used as the
immediate-postinjury time point. Peak isometric strength was as-
sessed again at 14 days postinjury. This time point was selected
because it allows sufficient time for satellite cell activation and
differentiation and because previous reports have identified this as a
time when mitochondrial remodeling postinjury is ongoing (9, 28).
The tibialis anterior and gastrocnemius muscles were harvested im-
mediately after the 14-day postinjury contractile assessment. The
gastrocnemius was finely minced and separated for mitochondrial
enzyme activity assessment and immunoblot analysis. Each tibialis
anterior muscle was preserved for histology. All procedures were
approved by the Institutional Animal Care and Use Committee at the
University of Georgia.

Treatments and myotoxic injury. 3-MA inhibits phosphatidylinosi-
tol and phagosome formation and is classified as a broad-range
autophagy inhibitor. 3-MA-treated mice received daily injections of
3-MA (15 mg/kg sc). �-GPA is a creatine analog that reduces
phosphocreatine availability within skeletal muscle and leads to
greater signaling for mitochondrial biogenesis (22). �-GPA was
administered via rodent chow (Teklad) in a 1% proportion. All mice
received chow ad libitum for the duration of the study. Mice were
rendered unconscious using isoflurane (1.5%) and subjected to muscle
injury, as previously described (14). Briefly, 40 �l of cardiotoxin
(Naja kaouthia, 0.071 mg/ml; catalog no. C9759, Sigma-Aldrich)
were injected into the left tibialis anterior muscles. The medial and
lateral gastrocnemius muscles also received 40-�l injections, and a
third 40-�l injection was delivered between the two portions of the
gastrocnemius muscle.

In vivo assessment of muscle contractility. In vivo peak isometric
torque of the dorsiflexor muscles was assessed as previously described
(6). Briefly, anesthesia was induced using an induction chamber and
5% isoflurane in oxygen. Anesthesia was maintained using 1–2%
isoflurane. The left hindlimb was depilated and aseptically prepared,
and the foot was placed in a footplate attached to a servomotor (model
300C-LR, Aurora Scientific, Aurora, ON, Canada). Pt-Ir needle elec-

trodes (catalog no. E2-12, Grass Technologies, West Warwick, RI)
were inserted percutaneously on either side of the common peroneal
nerve. The ankle joint was adjusted to a 90° angle. Peak isometric
torque was achieved by varying the position of the electrodes and the
current delivered to the peroneal nerve using a 0.1-ms square-wave
pulse at a frequency of 200 Hz. During functional testing, the testing
platform was heated to 37°C to maintain the animal’s body temper-
ature. Torque as a function of stimulation frequency was then mea-
sured during nine isometric contractions at varying stimulation fre-
quencies (5, 10, 20, 40, 60, 80, 100, 150, and 200 Hz). Finally, muscle
fatigability was assessed by 120 isometric contractions, one elicited
every second using a 300-ms, 60-Hz stimulation. To account for
differences in body size among mice, torque (mN·m) was normalized
by body mass (kg).

Mitochondrial enzyme activity assays. Gastrocnemius muscles
were homogenized in 33 mM phosphate buffer (pH 7.4) at a muscle-
to-buffer ratio of 1:20 using a glass tissue grinder on ice. Protein
concentration of each homogenate was measured using the bicin-
choninic acid protein assay (Thermo Fisher Scientific). Citrate syn-
thase (CS), �-hydroxy acyl-CoA dehydrogenase (�-HAD), and cyto-
chrome c oxidase (complex IV) activities were determined as previ-
ously described (5, 16). Isocitrate dehydrogenase (IDH) activity was
measured by the reduction of NAD� at an absorbance of 340 nm
(37°C). This was achieved by addition of 5 �l of muscle homogenate
to 170 �l of assay buffer (pH 8.5, 0.2 M Tris and 1 mM MgCl2), 10
�l of NAD� (3.2 mM; catalog no. N0632, Sigma), and 10 �l of
DL-isocitrate (4.6 mM; catalog no. I1252, Sigma). Complex I activity
was measured by the reduction of cytochrome c at an absorbance of
550 nm (30°C). This was achieved by addition of 2.5 �l of muscle
homogenate to 90 �l of oxidized cytochrome c (0.1 mM; catalog no.
C2506, Sigma) and 90 �l of NADH (1 mM; catalog no. N8129,
Sigma). In separate wells with identical conditions, the same sample
was analyzed with the addition of rotenone (0.1 mM) to block
complex I electron transport. The difference between the activities
represents complex I activity (11). Complex II activity was measured
by the reduction of cytochrome c at an absorbance of 550 nm (30°C).
This was accomplished by addition of 15 �l of muscle homogenate to
100 �l of 0.5 M sodium succinate in a 3-ml cuvette for 1 min,
followed by the addition of 100 �l of sodium cyanide (0.01 M) and
2.8 ml of cytochrome c buffer (22.7 mM). Enzyme activities were run
in triplicate and are normalized to total protein content.

Immunoblot analysis. For protein analysis, the gastrocnemius mus-
cle was immediately homogenized with glass homogenizers in protein
loading buffer and loaded on a gel for SDS-PAGE and immunoblot-
ting, as previously described (4). The following antibodies (Cell
Signaling, Danvers, MA) were used to probe proteins transferred to
polyvinylidene difluoride membranes: cytochrome c oxidase IV
(COX IV, 1:1,000 dilution), cytochrome c (1:1,000 dilution), micro-
tubule-associated protein 1B-light chain 3 (LC3B, 1:1,000 dilution),
p62/SQSTM1 (1:1,000 dilution), Unc-51-like autophagy-activating
kinase 1 (Ulk1, 1:1,000 dilution), phosphorylated (Ser555) Ulk1 (1:
1,000 dilution), Bnip3 (1:1,000 dilution), dynamin-related protein 1
(Drp1, 1:1,000 dilution), 5=-AMP-activated protein kinase (AMPK)-�
(1:1,000 dilution), phosphorylated (Thr172) AMPK� (1:1,000 dilu-
tion), and �-actin (1:5,000 dilution). Membranes were analyzed and
quantified using Image Lab software (Bio-Rad Laboratories, Hercu-
les, CA).

Real-time PCR. The ratio of mtDNA to nuclear DNA (nDNA) was
determined by quantitative real-time PCR. Primer sequences for mito-
chondrial 12S ribosomal DNA included 5=-ACCGCGGTCATACGAT-
TAAC-3= (forward) and 5=-CCCAGTTTGGGTCTTAGCTG-3= (re-
verse). Mitochondrial 12S ribosomal DNA was analyzed relative to three
reference genes: 18S nDNA [5=-TTGATTAAGTCCCTGC-
CCTTTGT-3= (forward) and 5=-CGATCCGAGGGCCTAACTA-3= (re-
verse)], heat shock protein 90 (Hsp90ab1; Mm00833431_g1, Fisher
Scientific), and hypoxanthine-guanosine phosphoribosyltransferase
(Hprt; Mm03024075_m1, Fisher Scientific).
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Histological and immunofluorescence assessments. The tibialis
anterior and extensor digitorum longus muscles were dissected to-
gether and frozen in 2-methylbutane cooled to 	160°C in a liquid
nitrogen bath. Sections (7 �m thick) were cut by cryostat (catalog no.
HM550, Thermo Scientific) and mounted on microscope slides. Tis-
sues were stained for immunofluorescence according to standard
protocols (2, 10). Briefly, slides were moistened with phosphate-
buffered saline (PBS) and blocked with 5% donkey serum (Jackson
ImmunoResearch) in PBS. Primary antibody was diluted in blocking
solution and incubated overnight at 4°C. Slides were washed three
times with PBS, incubated with appropriate secondary antibodies and
4=,6-diamidino-2-phenylindole (1:10,000 dilution; Sigma) for 30 min
at room temperature, washed three times, and mounted with Perma-
Fluor mounting medium (Thermo Scientific). Muscle sections were
imaged using an inverted epifluorescence microscope (model X71,
Olympus) and cellSens software (Olympus). Entire muscle cross
sections were captured by a series of overlapping 
20 images.
Individual fluorescence images were merged and compiled to generate
the complete muscle map in Photoshop (Adobe). Total fibers, number
of antibody-positive fibers, and fiber areas were analyzed using
manual tag or area measurements in Image-Pro Express (Media
Cybernetics). For indirect immunofluorescence, primary antibodies
were used to detect myosin heavy chain type 1, myosin heavy chain
type 2a, and embryonic myosin heavy chain fiber types (eMHC,
1:30–1:40 dilution; catalog nos. BA-D5, SC-71, and F1.652, respec-
tively, Developmental Studies Hybridoma Bank), in blood vessels
(1:50 dilution; CD31, BD Pharmingen), and sarcolemmal or extracel-
lular matrix markers [�-dystroglycan (aDGct, catalog no. 5-2 or 45-4,
Developmental Studies Hybridoma Bank), 1:25 dilution (10) and
�-dystroglycan (catalog no. MANDAG2 7D11, Developmental Stud-
ies Hybridoma Bank), 1:40 dilution] or collagen VI (catalog no.
70R-CR009x, Fitzgerald Industries; 1:1,000 dilution) was used to
identify individual fibers. For p62 analysis by immunofluorescence,
slides were fixed in precooled methanol for 15 min at 	20°C. After
they were washed five times with PBS, slides were blocked for 30 min
at room temperature in 5% donkey serum (Jackson ImmunoResearch),
2% BSA (Sigma), and 0.1% Triton-X 100 (Sigma) in PBS. Slides
were incubated overnight at 4°C in anti-p62 (Sigma) and anti-perlecan
(heparin sulfate proteoglycan; Millipore), both at 1:100 dilution. All
slides were washed three times with PBS, incubated with anti-rabbit
Alexa Fluor 546 (1:500 dilution), anti-rat Alexa Fluor 488 (1:500
dilution), and 4=,6-diamidino-2-phenylindole (1:10,000 dilution) for
30 min at room temperature, washed three times, and mounted with
PermaFluor (Thermo Fisher). Images were collected with the 
40
objective using an inverted epifluorescence microscope (model IX71,
Olympus).

Cell culture. Mouse muscle myoblast C2C12 cells (CRL-1772,
American Type Culture Collection) were expanded, according to
standard protocols, in myoblast medium: Dulbecco’s modified Eagle’s
medium and 4.5 g/l glucose (DMEM; Corning), supplemented with
15% FBS (Atlanta Biologicals), 1:100-diluted glutaMAX (Gibco),
and 1:100-diluted antibiotic-antimycotic solution (Corning). C2C12
cells were plated in myoblast medium at 120,000 cells/well in six-well
tissue culture-treated plates. At �24 h after the cells were plated,
myoblast medium was removed and replaced with saline vehicle (2
wells), 1 mM 3-MA (2 wells), or 1 mM �-GPA (2 wells) in
differentiation medium (DMEM, 2% FBS, 1:100-diluted glutaMAX,
and 1:100-diluted antibiotic-antimycotic). Medium with saline,
3-MA, or �-GPA was refreshed every 48 h. After 6 days of differ-
entiation, one drop of the nuclear stain NucBlue (Thermo Fisher) was
added to each well, and the samples were incubated for 30 min at
room temperature. Phase-contrast (gray-scale) and blue-fluorescence
(NucBlue) images were collected from three different locations from
each well using an epifluorescence microscope (model IX71, Olym-
pus) with cellSens software. Images were analyzed for the number of
cells with myotube-like morphology (elongated, with or without

multiple nuclei) for each 
10 field and averaged across all images per
well.

Statistical analysis. Values are means � SD. Two-way repeated-
measures ANOVA was used to analyze the data. The between-subject
factor was treatment group (Con vs. 3-MA vs. �-GPA) and the
repeated-measure factor varied between time point (pre- vs. postin-
jury) and limb (uninjured vs. injured). Data were required to pass
normality (Shapiro-Wilk test) and equal variance (Brown-Forsythe
F-test) tests before they were subjected to the repeated-measures
ANOVA. Differences among groups are reported only where signif-
icant interactions were observed and subsequently tested with Tukey’s
post hoc test using JMP statistical software (SAS, Cary, NC). Group
main effects are reported where significant interactions were not
observed. An �-level of 0.05 was used for all analyses.

RESULTS

Effect of treatments on body mass and uninjured muscle
contractility. To determine the impact of treatment on unin-
jured muscle, dorsiflexor contractility was assessed immedi-
ately prior to muscle injury, i.e., 8 wk after initiation of 3-MA,
�-GPA, or Con treatment. Autophagy inhibition with 3-MA
had no effect on body mass, muscle strength, or muscle fatigue
after 8 wk of treatment (Fig. 1). �-GPA-treated mice, however,
did not gain body mass during the treatment period and
generated torques �20% less than Con and 3-MA-treated mice
(Fig. 1, A and B). �-GPA-treated mice subjected to a metabol-
ically challenging contractile test had greater fatigue resistance
than Con mice (contraction number 100 to 150, P � 0.045) and
3-MA-treated mice (contraction number 90 to 150, P � 0.041;
Fig. 1C). By the end of the fatigue protocol, �-GPA-treated
mice were generating 40%, while Con and 3-MA-treated mice
were generating only 29%, of the peak isometric torque mea-
sured before the fatigue protocol (Fig. 1C). These data suggest
that the 3-MA regimen did not impact skeletal muscle contrac-
tility, while �-GPA resulted in a weaker muscle but was
effective in increasing dorsiflexor muscle fatigue resistance.

Effect of treatments on recovery of contractile function
following injury. After 8 wk of 3-MA or �-GPA treatment, a
myotoxic injury model was used to damage skeletal muscle
and initiate muscle regeneration in the tibialis anterior and
gastrocnemius muscles. There was no difference among groups
in peak isometric torque of the dorsiflexors immediately fol-
lowing cardiotoxin injection (P � 0.95), indicating that muscle
damage was equivalent across groups. Peak isometric torque of
the dorsiflexors was again tested 14 days postinjury to assess
the effectiveness of muscle regeneration in the three groups.
Muscles were significantly weaker in 3-MA-treated than Con
and �-GPA-treated mice at 14 days postinjury (Fig. 2A). In
fact, muscle strength in 3-MA-treated mice had recovered to
only 58% of preinjury strength by 14 days postinjury, which is
in stark contrast to Con (78%) and �-GPA-treated (93%) mice
(Fig. 2B). This suggests that a broad-acting autophagy inhibitor
can negatively impact functional muscle regeneration.

Effect of treatments on uninjured and injured muscle mito-
chondrial enzyme activity following injury. To assess func-
tional regeneration of mitochondria after injury, mitochondrial
enzyme activity from injured and uninjured gastrocnemius
muscles was assessed for critical enzymes in the tricarboxylic
acid (Krebs) cycle, �-oxidation, and the electron transport
chain. Significant interactions between treatment and limbs
(injured vs. uninjured) were observed for CS (P � 0.008) and
complex IV (P � 0.045) activities (Fig. 3, A–F). CS and
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complex IV activities were greater in uninjured muscle from
�-GPA-treated mice than in uninjured muscle from Con and
3-MA-treated mice, supporting the ability of �-GPA to en-
hance oxidative capacity in uninjured skeletal muscle. Simi-
larly, these enzyme activities were greater in the injured
muscle from �-GPA-treated mice than in the injured muscle
from Con and 3-MA-treated mice, suggesting that �-GPA may
also enhance recovery of mitochondrial enzyme activity after
injury. Only main effects were observed for �-HAD, IDH,
complex I, and complex II activities, indicating that activities
were lower in injured than uninjured muscles independent of
treatment (P � 0.034). �-HAD and complex II activities were
greater in �-GPA-treated and Con mice than 3-MA-treated
mice independent of injury (P � 0.035), and IDH and complex
I activities were greater in �-GPA- than 3-MA-treated mice
independent of injury (P � 0.048; Fig. 3, A–F). To assess
recovery of mitochondrial enzyme activity, the difference in
muscle enzyme activity between injured and contralateral un-
injured muscles for each mouse was calculated (shown as
%deficit). For CS, IDH, �-HAD, and complex IV activities,
there were no significant differences between uninjured and

injured muscles after 14 days of recovery from Con (P �
0.087) and �-GPA treatment (P � 0.074), whereas the enzyme
activity difference between injured and uninjured muscles for
3-MA-treated mice was 25–35% for all enzymes measured
(P � 0.042). This analysis supports the idea that use of a
broad-acting autophagy inhibitor during muscle regeneration
significantly impairs the recovery of muscle mitochondrial
enzyme activity.

Effect of treatments on uninjured and injured muscle mito-
chondrial protein content following injury. COX IV and cyto-
chrome c protein content were assessed using immunoblotting
for comparison with the enzyme activity results (Fig. 4, A–C).
Independent of injury, COX IV protein expression was
slightly, but significantly, greater in �-GPA-treated than Con
and 3-MA-treated muscle (38%, P � 0.001; Fig. 4B). Inde-
pendent of treatment, cytochrome c protein expression was
�52% greater in uninjured than injured muscle (P � 0.031;
Fig. 4C). There was a trend (P � 0.09) for greater cytochrome
c protein content in �-GPA-treated than Con and 3-MA-treated
muscle. Importantly, there was no statistical difference in

Fig. 1. Effect of 3-methyladenine (3-MA) and guanidinopropionic acid (�-GPA) treatments on body mass and uninjured muscle contractility. A: body mass at
9 wk of age (pretreatment) and after 8 wk of treatment. B: isometric torque as a function of stimulation frequency. C: torque loss from a fatiguing bout of
contractions. Fatigue was calculated as a percentage of the greatest torque generated during the 120-contraction protocol. *�-GPA is significantly less than Con
and 3-MA (P � 0.05). †�-GPA is significantly greater than 3-MA (P � 0.05). ‡�-GPA is significantly greater than control and 3-MA (P � 0.05).

Fig. 2. Effect of 3-MA and �-GPA treat-
ments on recovery of muscle contractility at
14 days postinjury. A: isometric torque as a
function of stimulation frequency. B: percent
recovery of peak isometric torque at 14 days
postinjury. *3-MA is significantly less than
Con and �-GPA (P � 0.05). †Significantly
different from control (P � 0.05). ‡Signifi-
cantly different from �-GPA (P � 0.01).
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mitochondrial protein contents between Con and 3-MA-treated
mice.

Effect of treatments on uninjured and injured muscle
mtDNA-to-nDNA ratio following injury. mtDNA content was
assessed by quantitative PCR analysis of the mtDNA-to-nDNA
ratio, which has been shown to correlate well with mitochon-
drial enzyme activity and reflect mitochondrial biogenesis (29,
34). There was a significant interaction between treatment and
injury for the mtDNA-to-nDNA ratio (P � 0.042), and the
mtDNA-to-nDNA ratio was greater in uninjured muscles from
�-GPA-treated mice than in uninjured muscles from 3-MA-
treated mice and injured muscles from �-GPA-treated, 3-MA-
treated, and Con mice (Fig. 4D).

Effect of treatments on markers of muscle regeneration after
injury. To determine if impaired muscle regeneration contrib-
uted to muscle strength and mitochondrial function recovery
deficits in 3-MA-treated mice, histological assessment of re-
generating tissue was quantified by the percentage of fibers that
were centrally nucleated and the presence of fibers with

eMHC. There was no difference in the number of centrally
nucleated fibers among treatments (Fig. 5A). However, the
percentage of eMHC-positive fibers was lower for injured
muscles from �-GPA-treated than Con mice (Fig. 5B). At this
time point, residual eMHC is very low; therefore, a physiolog-
ical significance of this difference is unlikely. Lastly, the
proportion of centrally nucleated muscle fibers with more than
one central nuclei was analyzed. Notably, there were fewer
fibers with multiple central nuclei in injured muscle from
�-GPA-treated than Con mice (Fig. 5C).

To further investigate the impact of treatment on muscle
regeneration, specifically to test if 3-MA negatively impacts
myogenic differentiation and if �-GPA positively impacts
myogenic differentiation, myotube formation was assessed by
treating C2C12 cells with vehicle (Con), 3-MA, or �-GPA
during a 6-day differentiation protocol. Successful myotube
differentiation, as measured by elongated tubelike morphology,
was observed under all treatment conditions (Fig. 5D), sug-
gesting that treatment with 1 mM 3-MA does not impair

Fig. 3. Effect of treatments and muscle injury on mitochondrial enzyme activity. A–F: mitochondrial enzyme activity in uninjured and injured muscle from control
(Con) and 3-MA- and �-GPA-treated mice. G: percent deficit of specific enzyme activity in injured gastrocnemius muscle 14 days postinjury compared with
contralateral uninjured muscle. CS, citrate synthase; �-HAD, �-hydroxy acyl-CoA dehydrogenase; IDH, isocitrate dehydrogenase. *Significantly different from
Con and 3-MA in uninjured muscle (P � 0.05). **Significantly different from Con and 3-MA in injured muscle. †Significantly different from contralateral
uninjured muscle (P � 0.05).
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myogenic differentiation. �-GPA-treated C2C12 cells (1 mM)
had �60% more myotube-like cells than Con and 3-MA-
treated C2C12 cells after differentiation (Fig. 5D). The finding
of fewer regenerated fibers with multiple central nuclei in
�-GPA-treated mice following injury (Fig. 5C) and the en-
hanced differentiation in C2C12 cells in vivo suggest that
�-GPA may enhance differentiation over proliferation after
injury.

Effect of treatments on uninjured and injured muscle au-
tophagy-related protein content following injury. To explore
how autophagy may be contributing to the remodeling phase,
we assessed the content of several autophagy-related proteins
in injured and uninjured gastrocnemius muscle (Fig. 6A). A
greater rate of initiation and resolution of autophagy (i.e.,
autophagy flux) was investigated by detection of LC3-II, the
phosphatidylethanolamine-conjugated form of LC3-I that at-
taches to the autophagosome membrane, and p62, a cargo
receptor for ubiquitinated substrates degraded by the autopha-
gosome membranes (13, 20). Independent of treatment, total
LC3, LC3-II, and p62 protein content was greater in injured
than uninjured muscle (P � 0.003), suggesting enhanced
autophagosome assembly during muscle regeneration. Addi-
tionally, muscle injury caused an accumulation of the au-
tophagic marker p62, as intracellular p62 puncta were visible
in injured muscle tissue sections from Con, 3-MA-treated, and
�-GPA-treated mice compared with uninjured muscle sections
(Fig. 6B). The extent to which these data signify autophagy

flux during muscle regeneration is limited by the single-time-
point study design (i.e., 14 days postinjury) but supports the
premise that autophagy is induced even 14 days postinjury.

Total Ulk1 content (autophagy-related protein associated
with degradation of mitochondria) was not different across
treatment groups or injury at 14 days postinjury (P � 0.455;
data not shown). However, there was a significant interaction
of injury and treatment group for phosphorylated (activated)
Ulk1 (Fig. 7; P � 0.049). In all treatment groups, activation of
Ulk1 was greater (�2-fold) in injured than uninjured muscle.
Also, basal activation of Ulk1 was greater in uninjured �-GPA-
than uninjured 3-MA-treated muscle. Because Ulk1 activation
is associated with mitophagy and the degradation of dysfunc-
tional mitochondria, we further investigated the mitophagy
protein Bnip3, which interacts with LC3 and plays a critical
role in mitophagy (1, 35). Bnip3 protein content was signifi-
cantly elevated in all injured muscle relative to uninjured
contralateral muscle independent of treatment (Fig. 7; P �
0.001). Protein content for Drp1, a specialized protein that
facilitates the removal of damaged or dysfunctional mitochon-
dria from the mitochondrial network prior to mitophagy, was
significantly greater in �-GPA-treated and Con than 3-MA-
treated mice independent of injury (P � 0.049) and greater in
injured than uninjured muscle independent of treatment (Fig. 7;
P � 0.023). We observed no significant difference across
groups in AMPK protein content (data not shown; P � 0.877),
although phosphorylated AMPK was significantly greater in

Fig. 4. Effect of treatments and muscle injury on markers of mitochondrial content. A: immunoblot images of cytochrome c oxidase IV (COX IV) and cytochrome
c (Cyto c) in gastrocnemius muscle (30 �g of total protein). �-Actin was probed as loading control. B and C: quantitative and statistical analysis of data in A
(n � 6–8/group). D: quantitative PCR (n � 6–8/group) for 12S mitochondrial DNA (mtDNA) was assessed relative to nuclear DNA (nDNA) reference genes
18S, hypoxanthine-guanosine phosphoribosyltransferase (Hprt), and heat shock protein 90 (Hsp90ab1) to determine the ratio of mtDNA to nDNA. *Statistically
different from 3-MA-uninjured, Con-injured, 3-MA-injured, and �-GPA-injured.
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injured than uninjured muscle independent of treatment (P �
0.012).

DISCUSSION

The mitochondrial network is a dynamic system essential for
energy balance and redox homeostasis, and it may have an
emerging role in regeneration of skeletal muscle and satellite
cells. Because the mitochondrial network can be damaged with
muscle injury (9, 28), there is sufficient need to investigate the
mechanisms of mitochondrial regeneration. However, mito-
chondrial regeneration remains a relatively underinvestigated
area of muscle repair. We sought to investigate the contribution
of autophagy to mitochondrial regeneration during muscle
repair. Our data indicate a robust induction of autophagy
during muscle regeneration (Figs. 6 and 7), and we show that
a broad-acting autophagy inhibitor negatively affects func-
tional regeneration of skeletal muscle, in terms of both muscle
strength and mitochondrial enzyme activity (Figs. 2 and 3). We
show a near-complete recovery of muscle strength and mito-
chondrial enzyme activity in muscle with enhanced mitochon-
drial content (i.e., �-GPA-treated mice) by 14 days postinjury
(Fig. 3), which demonstrates that �-GPA may positively influ-
ence muscle repair. We posit that the regeneration process is
facilitated in part by autophagy, and we discuss below the
broader impacts and limitations of our findings.

The recovery of muscle strength is the most functionally
relevant marker of successful muscle regeneration (30). We
decided to assess the relative success of muscle regeneration at

14 days postinjury based on the following rationale: 1) satellite
cell contribution to muscle regeneration, specifically differen-
tiation and fusion, is largely complete by 14 days postinjury,
and 2) others have reported that markers of mitochondrial
biogenesis have returned to baseline by 14 days postinjury.
Therefore, in our minds, 14 days postinjury represents a critical
transition period between muscle regeneration and muscle
remodeling, when newly synthesized proteins are being uti-
lized to repair or rebuild damaged organelles (i.e., mitochon-
dria). Importantly, 3-MA-treated mice showed a substantial
lack of recovery of muscle strength, in stark contrast to
�-GPA-treated mice (Fig. 2), and this finding is not completely
explained by differences in myogenic differentiation (Fig. 5).
The functional deficit in injured muscle from 3-MA-treated
mice may instead reflect an important role for the mitochondria
during muscle repair, i.e., to meet the energy demands of
muscle regeneration. The muscle contractions used to assess
strength at 14 days postinjury were not aerobically demanding
(i.e., 200-ms duration with 45 s between contractions); there-
fore, the mitochondrial dysfunction in injured 3-MA muscle
(Fig. 3) is unlikely to directly contribute to the observed
muscle weakness (Fig. 2). Instead, the dysfunctional mitochon-
dria may limit aspects of late-stage satellite cell-mediated
regeneration and/or remodeling. For instance, significant shifts
have been reported in C2C12 myoblasts during differentiation
to a predominantly oxidative metabolism in vitro (17), and
inhibition of mitochondrial biogenesis during muscle regener-
ation negatively affected the recovery of fiber cross-sectional

Fig. 5. Effect of 3-MA and �-GPA treatment on markers of muscle regeneration and myogenic differentiation in vivo and in vitro. A and B: quantification of
regeneration in injured muscle demonstrates similar long-term regeneration by central nucleation (CN) and slightly reduced active regeneration [embryonic
myosin heavy chain (eMHC)] in �-GPA-treated mice 14 days postinjury. C: number of fibers with �1 central nucleus as a proportion of the total number of
regenerated fibers indicates a significant reduction in multi-central-nucleated fibers with �-GPA and a nonsignificant trend to reduction with 3-MA. D: C2C12
mouse myoblasts differentiated in low serum for 6 days with vehicle saline (Con), 1 mM 3-MA, or 1 mM �-GPA. Phase-contrast images with NucBlue nuclear
staining (
10 objective) were analyzed for cells with myotube-like morphology. Each data point is the average of three 
10 images from a single well.
Experiment was repeated 4 times, with 2 wells per condition for each experiment. Scale bar � 50 �m. *Statistically different from Con (P � 0.05). **Statistically
different from Con (P � 0.01). ***Statistically different from �-GPA (P � 0.001).
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area at 10 days postinjury (28). It stands to reason then that
mitochondrial function and dysfunction in injured muscle may
play an important role in the success of muscle regeneration,
which is supported by our use of �-GPA to enhance oxidative
capacity and our finding that this treatment improved the
functional recovery of muscle strength and mitochondrial en-
zyme activity (Figs. 2 and 3).

Analysis of the mitochondrial network during the early
phases of muscle regeneration following myotoxic injury, i.e.,
within the first 10 days, shows several mitochondrial functional
deficits and, not surprisingly, structural abnormalities as well
(9, 28). However, the removal and rebuilding of the mitochon-
drial network following many muscle injuries have been a
relatively overlooked aspect of muscle recovery in general, and
it is worth speculating that the accumulation of dysfunctional
mitochondria after several rounds of injury with impaired
remodeling could lead to satellite cell dysfunction. Several
studies have suggested that there is an accumulation of dam-
aged mitochondria in skeletal muscle with age (7) and that
altered autophagy signaling can contribute to the age-related
mitochondrial dysfunction (31, 32). Our current study imple-
mented the chronic use of a broad-acting autophagy inhibitor to
recapitulate disease models with defective autophagy but with-
out the co-morbidities. While 3-MA and other autophagy
inhibitors are used in standard practice to compare rates of
protein degradation with and without sufficient autophagy,
these inhibitors are not without their limitations. 3-MA and
other phosphatidylinositol inhibitors are broad-acting and,
therefore, can have nonspecific effects and, indeed, have been
shown to negatively impact other protein degradation pro-
cesses (21). Nevertheless, 3-MA-treated muscles did show

signs of impaired mitochondrial function (i.e., reduced SDH
and �-HAD activities) (Fig. 3). It is reasonable that an accu-
mulation of dysfunctional mitochondria during chronic 3-MA
treatment contributed to impaired muscle regeneration. For
example, 3 wk of a high-fat diet, which induces mitochondrial
dysfunction (3), impaired muscle regeneration in otherwise
healthy mice (33). A direct link between mitochondrial dys-
function and satellite function has yet to be established, but it
is worth considering therapeutic modalities that could poten-
tially enhance mitochondrial function to improve aforemen-
tioned diseased conditions (e.g., aging and obesity). Our work
suggests that �-GPA treatment may have important clinical
applications as a dietary intervention to improve maintenance
of the mitochondria and remodeling during muscle regenera-
tion.

�-GPA is a creatine analog that hinders the ATP-phospho-
creatine system, thereby promoting mitochondrial biogenesis
potentially through an AMPK-mediated signaling pathway (8,
23). While �-GPA is designated safe for human consumption,
its effective dose and acute/chronic effects have not been
widely investigated, potentially for several reasons. 1) �-GPA-
treated mice are reported to have greater mitochondrial enzyme
activity (22), but the effective dose (1–2% of food intake by
weight) and cost may in part contribute to a lack of scalability
to human studies. 2) Side effects of �-GPA treatment, i.e.,
decrements in body mass and muscle strength (Fig. 1) (22),
have been reported and are potentially disadvantageous for
populations in which the mitochondrial benefit of �-GPA is
needed (e.g., the elderly). However, �-GPA may be a potential
dietary supplement to bolster mitochondrial capacity in indi-
viduals who cannot participate in aerobic exercise or as a

Fig. 6. Effect of treatments and injury on markers of autophagosome assembly and autophagy flux. A: immunoblot images and quantitative and statistical analysis
(n � 6–8/group) of microtubule-associated protein 1A/1B-light chain 3 (LC3-I and LC3-II) and nucleoporin p62 (p62). �-Actin was probed as loading control.
B: tibialis anterior muscle sections from Con and 3-MA- and �-GPA-treated mice were immunostained with anti-p62 and anti-perlecan to detect p62-positive
puncta. 4=,6-Diamidino-2-phenylindole-stained nuclei are blue. Scale bar � 200 �m.
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means to augment beneficial exercise-training adaptations. We
used �-GPA to manipulate the mitochondrial network in a way
that contrasted autophagy inhibition with 3-MA. In line with
reported effects of �-GPA, �-GPA-treated mice had greater
fatigue resistance and mitochondrial enzyme activity in unin-
jured muscle. Interestingly, beyond the previously discussed
finding of greater recovery of muscle strength and mitochon-
drial enzyme activity, �-GPA-treated mice also demonstrated a
greater basal level of phosphorylated Ulk1, the autophagy-
related protein associated with induction of mitochondrial
autophagy. This finding may simply reflect the possibility that
the level of basal autophagy may be related to oxidative
capacity in skeletal muscle (18). We believe that these obser-
vations warrant more investigation into the role of �-GPA in
mitochondrial maintenance.

The maintenance of the mitochondrial network involves the
fusion of newly synthesized mitochondria following mitochon-
drial biogenesis balanced against the fission of damaged mito-
chondria to be degraded by autophagy (7). We observed a
fairly robust autophagy response to muscle injury even 14 days

after injury (Figs. 6 and 7). Most interesting were the data
supporting the specific degradation of mitochondria, also
known as mitophagy, which included greater activation of
Ulk1 and greater Bnip3 and Drp1 protein content in injured
muscle. While necrotic processes associated with inflammatory
cell accumulation after muscle damage may be sufficient to
degrade damaged mitochondria, this work supports at least a
role for autophagy during the regeneration process, and au-
tophagy may represent a target for enhancing regeneration
when inflammatory processes are compromised (e.g., in aging).
Our data suggest a disconnect between mitochondrial protein
content (Fig. 4; no statistical difference between Con and
3-MA-treated mice) and enzyme activity (Fig. 3; statistical
differences between Con and 3-MA-treated mice), suggesting
that damaged/dysfunctional mitochondrial proteins in 3-MA-
treated mice were not being properly degraded during the
regeneration and remodeling processes following muscle in-
jury.

In conclusion, there is an autophagy response to severe
muscle damage that is detectable at 14 days postinjury.

Fig. 7. Effect of treatments and injury on autophagy-related protein content. Immunoblot images and quantitative and statistical analysis (n � 6–8/group) of
phosphorylated (Ser555) Unc-51-like autophagy-activating kinase 1 (pUlk1), total Ulk1, Beclin1, Bnip3, dynamin-related protein 1 (Drp1), phosphorylated
5=-AMP-activated protein kinase (pAMPK), and total AMPK. �-Actin was probed as loading control. *Significantly different from 3-MA (P � 0.05).
**Significantly greater than contralateral uninjured muscle within each group (P � 0.05).
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Chronic and continuous treatment with a broad-acting au-
tophagy inhibitor impaired functional muscle regeneration and
mitochondrial remodeling after injury, suggesting that success-
ful autophagy after muscle injury is important for muscle
repair. In particular, mitochondrial enzyme activity, but not
mitochondrial protein content, was negatively affected by au-
tophagy inhibition in 3-MA-treated mice during muscle regen-
eration. This coincided with less recovery of preinjury muscle
strength in 3-MA-treated mice, in stark contrast to the recovery
of muscle strength in �-GPA-treated mice, which also demon-
strated a near-complete recovery of mitochondrial enzyme
activity. We posit that mitochondrial function plays a minor,
albeit significant, role in muscle regeneration and that a link
between mitochondrial maintenance and autophagy during
muscle repair should be further explored.
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