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Abstract
Acute pharmacological activation of adenosine monophosphate (AMP)-kinase using 5-aminoimidazole-4-carboxamide-1-b-D-
ribofuranoside (AICAR) has been shown to improve muscle mitochondrial function by increasing mitochondrial biogenesis. We
asked whether prolonged AICAR treatment is beneficial in a mouse model of slowly progressing mitochondrial myopathy
(Cox10-Mef2c-Cre), and whether the compensatory mechanism is indeed an increase in mitochondrial biogenesis. We treated the
animals for 3 months and found that sustained AMP-dependent kinase activation improved cytochrome c oxidase activity, res-
cued the motor phenotype and delayed the onset of the myopathy. This improvement was observed whether treatment started
before or after the onset of the disease. We found that AICAR increased skeletal muscle regeneration thereby decreasing the lev-
els of deleted Cox10-floxed alleles. We conclude that although increase in mitochondrial biogenesis and other pathways may
contribute, the main mechanism by which AICAR improves the myopathy phenotype is by promoting muscle regeneration.

Introduction
Mitochondrial myopathies are caused by deficits in the oxidative
phosphorylation system (OXPHOS) in skeletal muscle. The main
symptoms of mitochondrial myopathies are muscle weakness,
atrophy and exercise intolerance (1). Mitochondrial myopathies
are often accompanied by neurodegeneration as the CNS is also
very sensitive to OXPHOS defects. Mitochondrial myopathies
can be caused by mutations in genes encoded by the mitochon-
drial DNA (mtDNA) or the nuclear DNA (nDNA) (2,3), and
the incidence in the population is higher than one in 5000 chil-
dren (4).

With a few exceptions (5) there are no effective treatments
mitochondrial myopathies. However, in the pursuit of effective

treatments several experimental therapeutics approaches have
shown promise. Some of the approaches are disease-specific,
such as gene replacement (6,7) and mtDNA heteroplasmy shifts
(8–10). Others are general therapeutic strategies that can be
used for the treatment of diverse disease-associated OXPHOS
defects such as the induction of mitochondrial biogenesis, the
use of vitamins and antioxidants, nutritional interventions, ex-
ercise and others (reviewed in 11).

We and others have previously shown that activation of mito-
chondrial biogenesis in cultured cells (12,13) with respiratory
chain defects can boost residual OXPHOS capacity, preventing
the OXPHOS defect. The OXPHOS defect in mouse models of
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mitochondrial myopathy caused by complex IV (CIV) deficiency
was improved by increasing mitochondrial biogenesis by overex-
pression of the peroxisome proliferator-activated receptor c

(PPARc) coactivator-1a, PGC-1a (14–16) PGC-1a interacts and acti-
vates several transcription factors such as nuclear respiratory
factors (NRF1 and 2) that increase the transcription of the
OXPHOS genes, therefore increasing mitochondrial capacity (17).

Several strategies have been tried in mouse models to in-
crease the activity of PGC-1a and mitochondrial biogenesis for
the correction of the OXPHOS defects. Bezafibrate, a PPAR pan-
agonist that induces PGC-1a expression, showed some benefi-
cial effects in mouse models, but also liver toxicity (15,18,19).
PGC-1a activity can be increased upon deacetylation by
NADþdependent Sirtuins, so strategies to increases the
NADþpool in vivo and therefore the activity of Sirtuins have
been tried. In agreement, supplementation of the diet with the
vitamin B3-analogue nicotinamide riboside (NR) a
NADþprecursor, increased NADþ levels and Sirtuins activity
in vivo (20) and increased mitochondrial function in mouse
models for mitochondrial diseases (21,22)

PGC-1a activity is also stimulated by phosphorylation, which
depends on the activities of several kinases including the adeno-
sine monophosphate-dependent kinase (AMPK) (23). Thus, one of
the pathways to induce PGC-1a-dependent mitochondrial biogen-
esis has been reported to be through the activation of AMPK.
AMPK regulates energy homeostasis and is activated by cellular
stress, exercise, hormones, and also by the widely prescribed type
2 diabetes drug Metformin and 5-aminoimidazole-4-carboxamide-
1-b-D-ribofuranoside (AICAR), an AMP analog (24). Interestingly,
administration of AICAR activated AMPK in the skeletal muscle of
wild-type mice, promoting metabolic changes similar to exercise
(25). It was also shown that PGC-1a is required for AICAR-induced
expression of mitochondrial proteins in mouse skeletal muscle
(26). Indeed, pharmacological activation of AMPK using AICAR in-
creased the levels of PGC-1a and the respiratory complex activities
in three mouse models of cytochrome c oxidase (COX) deficiency
(15). In addition, AICAR treatment increased mitochondrial mass
and improved muscle function in a mouse model of Duchenne
Muscular Dystrophy (27). Therefore, these results showed that
pharmacological activation of AMPK using AICAR improved mus-
cle mitochondrial function in vivo.

However, all the aforementioned studies were performed in
acute settings and nothing is known about the effects of pro-
longed treatments or the initiation of treatment after the dis-
ease onset, which are the most likely scenarios in a clinical
setting. Therefore, we decided to treat a mouse model with a
mild myopathy (Cox10 floxed allele deleted by the muscle-
specific Mef2c-cre, heretofore referred to as ‘Cox10-Mef2c’), with
AICAR five times a week during 3 months and in two different
paradigms: pre-symptomatic and post-symptomatic. Cox10 en-
codes for a heme farnesyl transferase that catalyzes the first
step of the biosynthesis of heme a, an essential prosthetic group
for the maturation of COXI, and therefore indispensable for the
function of COX (28). Several missense mutations in the Cox10
gene have been found in patients with different clinical presen-
tations: leukodystrophy and tubulopathy (29,30); anemia and
Leigh syndrome; anemia, sensorineural deafness and fatal in-
fantile hypertrophic cardiomyopathy (31); Leigh-like syndrome
(32). Also, mutations in Cox10 have been associated with a rela-
tively mild clinical phenotype comprising myopathy, demyelin-
ating neuropathy, premature ovarian failure, short stature,
hearing loss, pigmentary maculopathy and renal tubular dys-
function (33). Here, we report that prolonged AICAR treatment
ameliorated the motor phenotype in Cox10-Mef2c mice and

restored COX activity mostly by increasing fiber regeneration,
likely with the contribution of activation of unfolded mitochon-
drial protein response and autophagy in skeletal muscle.
Surprisingly, we did not observe a robust induction in mito-
chondrial biogenesis. In addition, we showed that sustained
AICAR treatment was also effective after the disease ensues.

Results
Pre-symptomatic AICAR treatment restored and
maintained running endurance and COX activity in a
myopathy model

We previously generated a myopathy mouse model, the Cox10-
Mef2c, by specific ablation of the Cox10 gene in skeletal muscle
using the Cre-loxP system (34). To obtain Cox10-Mef2c animals,
mice homozygous for floxed Cox10 (Cox10f/f) were bred with
transgenic mice (Mef2c-cre) expressing cre recombinase under
the control of the myocyte enhancer factor 2 promoter (35,36).
This promoter expresses Cre in all muscle fiber sub-types start-
ing in the embryo (E10). In the absence of COX10, COXI cannot
mature, Complex IV (CIV) cannot assemble and consequently
Cox10-Mef2c mice showed reduced CIV activity in skeletal mus-
cle, resulting in a progressive myopathy (Supplementary
Material, Fig. S1A and B). The onset of the myopathy occurs at 3
months of age, when the animals presented impaired endur-
ance (Supplementary Material, Fig. S1C). In order to analyze if
AICAR improves the phenotype of the myopathy animals we
tested their performance on a treadmill every 2 weeks.

First, we examined the effects of 500 mg/kg of AICAR (5 days
a week) during 3 months by intraperitoneal injection (IP) in pre-
symptomatic Cox10-Mef2c animals (treatment started at 1.5
months, Fig. 1A). This prolonged treatment was able to activate
AMPK in vivo in skeletal muscle as indicated by the increase in
the phosphorylation of the threonine 172 of the kinase (Fig. 1B),
and similar to what has been reported for the short treatments
(15). The prolonged AMPK activation induced a significant in-
crease in the running endurance in both control and knockout
(KO) animals (Fig. 1C). In the KO mice, increased endurance was
already observed 2 weeks after the beginning of the AICAR
treatment, and by the end of the treatment (3 months later)
these mice ran longer (41.4% more) than the vehicle-treated
Cox10-Mef2c (Fig. 1C, age 4.5 months). Remarkably, the recovery
of the endurance phenotype was maintained for an additional 3
months after the end of the treatment of the Cox10-Mef2c mice
(Fig. 1C, age 7.5 months), suggesting that the changes induced
by AICAR were stable and maintained over time. Similar results
were obtained in the control mice treated with AICAR (Fig. 1C).

Histological analysis of the quadriceps showed a reduction
in COX-deficient fibers at both ages in the AICAR-treated Cox10-
Mef2c (Fig. 1D and E, arrows). COX-deficient fibers stain for succi-
nate dehydrogenase (SDH) activity (blue) but only weakly for
COX activity (light brown/white). The wild-type littermates
showed no COX-negative fibers. To analyze the CIV activity in
the muscle, we performed an enzymatic assay in homogenates
from quadriceps. At the age of 4.5 months, Cox10-Mef2c animals
showed decreased CIV activity (62% 6 4 of control levels), that
was fully recovered after AICAR treatment (106% 6 12 of control
levels) (Fig. 1F). Although there was a decline of the CIV activity
from 106% at 4.5 months to 80% of control values 3 months post
treatment (7.5 months of age) in the KO mice treated with
AICAR, the CIV activity on the treated mice was double than the
one observed in untreated KO animals (40% 6 7 of control val-
ues, Fig. 1H). These data indicate that the recovery in the
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Figure 1. Pre-symptomatic AICAR treatment improved a mitochondrial myopathy and the effect was still observed 3 months after the end of the treatment. (A)

Scheme of the Pre-symptomatic AICAR treatment. (B) Representative western blots showing levels of phospho-AMPK and total-AMPK in quadriceps at the age of 4.5

months. (C) Running endurance measured as a function of time. Control littermate mice were treated with vehicle or AICAR (500 mg/kg/day, 12 weeks). Cox10-Mef2c

mice were treated with vehicle or AICAR (500 mg/kg/day, 12 weeks). (D and E) COX, SDH and COX/SDH histochemical double staining in cross sections of quadriceps.

Arrows show COX-deficient fibers that stain strong for the SDH activity (blue) and weakly for the COX activity (light brown/white). (F and H) OXPHOS complex activities

and CS activity expressed as percentage of the control-vehicle group in homogenates from skeletal muscle (quadriceps). (G and I) mtDNA levels in homogenates from

quadriceps. Data in (C) (n ¼ 10), (B, D, E, G and I) (n ¼ 5), and (F and H)) (n¼ 6) are presented as mean 6 SEM, and unpaired Student’s two-tailed t-test was done for statis-

tical significance. * P< 0.05, ** P< 0.001 and *** P< 0.0001 represents the difference between Cox10-vehicle and Cox10-AICAR; #P< 0.05 ##P< 0.001 and ###P< 0.0001 repre-

sents the difference between control (CTR)-vehicle and CTR-AICAR group.
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running endurance observed 3 months after the end of the
treatment can be explained by the improved CIV activity. To an-
alyze if prolonged AICAR treatment increased other OXPHOS
complexes in the Cox10-Mef2c model, we also measured CI, CII
and CIII enzymatic activities in homogenates from quadriceps.
After 3 months of AICAR treatment we did not observe signifi-
cant changes in the activities of these OXPHOS complexes, al-
though complex II and citrate synthase (CS) showed a trend
toward an increase (Fig. 1F and H).

To determine if AICAR treatment induced an increase in mito-
chondrial biogenesis, we measured CS activity (Fig. 1F and H) and
mtDNA levels (Fig. 1G and I) in homogenates from quadriceps.
Although results showed a trend toward an increase in the AICAR-
treated groups, no statistical significance was reached, suggesting
that AICAR-treated groups do not have a major increase in mito-
chondrial content. We measured the steady-state level of several
mitochondrial proteins, including: NDUFB8 (CI subunit), SDHA (CII
subunit), UQCRC2 (CIII subunit), COXI (CIV subunit) and ATPase-a
(CV subunit) in quadriceps homogenates normalized to actin
(Supplementary Material, Fig. S2). With the exception of the CIV
subunit COXI, that was increased, there were no other changes,
suggesting that there was no more global mitochondrial mass in
the animals after prolonged AICAR treatment. In addition, we mea-
sured the levels of PGC-1a in the same homogenates but we
detected only a trend toward an increase (Supplementary Material,
Fig. S2). However, we did not determine the levels of PGC-1a poten-
tially activated by phosphorylation. These data indicate that
pre-symptomatic AICAR treatment delayed the progression of the
myopathy in the Cox10-Mef2c model and the mechanism responsi-
ble was not a simple increase in mitochondrial biogenesis.

At 1.5 months of age, when treatment started, there were no
differences in body weight between the animals assigned to the
different groups (Supplementary Material, Fig. S3C). To determine
if AICAR treatment had an effect in body weight, mice were
weighted every 2 weeks during the 3 months treatment. No dif-
ferences were found between vehicle and AICAR-treated mice,
indicating that pre-symptomatic AICAR treatment had no effect
in body weight (Supplementary Material, Fig. S2C, 4.5 m). At the
age 7.5 m, the myopathy Cox10-Mef2c mice weight significantly
less than the control littermates (Supplementary Material, Fig.
S3C) and body weight was restored in the AICAR-treated Cox10-
Mef2c group (Supplementary Material, Fig. S3C, 7.5 m).

Prolonged AICAR-induced AMPK activation in rats remodels
adipocyte metabolism by up-regulating pathways that favor en-
ergy dissipation versus lipid storage, causing a decrease in fat
storage (37,38). In order to determine if AICAR promoted a re-
duction in white adipose tissue (WAT) content, we measured
the gonadal fat deposits in our animals after the 3 months of
treatment. We found that pre-symptomatic AICAR treatment
decreased gonadal fat mass to body weight ratio in both control
and KO mice (Supplementary Material, Fig. S3A and B), without
altering body weight (Supplementary Material, Fig. S3C), con-
firming effective activation of AMPK signaling in WAT in addi-
tion to skeletal muscle. We also analyzed the adipocyte
morphology in sections from WAT and found decreased adipo-
cyte area in AICAR-treated mice (Supplementary Material, Fig.
S3D and E). We measured the same parameters in the animals
at 7.5 months, 3 months after the end of the treatment
(Supplementary Material, Fig. S3E). The WAT/Body weight was
restored to untreated values (Supplementary Material, Fig. S3B),
but the adipocyte area was smaller in the AICAR-treated groups
(Supplementary Material, Fig. S3E). These results suggest that in
addition to the skeletal muscle tissue, AICAR induced metabolic
changes that were maintained over time in WAT.

To determine if prolonged AICAR treatment had side effects
in mice, we collected blood and analyzed the levels of markers
of liver, kidney, pancreas and muscle damage (Supplementary
Material, Fig. S4). No differences were found between groups
suggesting that these organs were not damaged.

Post-symptomatic AICAR treatment restored and
maintained running endurance and COX activity in a
myopathy model

To determine if prolonged AICAR treatment is also effective af-
ter the disease onset, we injected the drug in the Cox10-Mef2c
mice at the age of 4.5 months, when endurance capacity was al-
ready reduced to 68% of the control levels (Fig. 2B and
Supplementary Material, Fig. S1). This protocol is referred to as
post-symptomatic AICAR treatment, and the duration, dose,
and route of administration of the drug was the same as the
pre-symptomatic treatment (Fig. 2A). At the end of the treat-
ment Cox10-Mef2c mice treated with AICAR ran 27% longer than
the vehicle-treated Cox10-Mef2c. On average, AICAR-treated
Cox10-Mef2c ran 68 min versus 49 min vehicle-treated Cox10-
Mef2c (Fig. 2B, age 7.5 m). We followed the animals up to 4
months after the end of the treatment, age 11.5 months, and ob-
served that the recovery in the endurance phenotype was main-
tained in the AICAR-Cox10-Mef2c group (Fig. 2B). AICAR-KO-
treated mice ran on average 70 min, whereas at the same age
the running endurance time in the vehicle-treated Cox10-Mef2c
was reduced to 37 min, as expected from the progression of the
myopathy (Fig. 2B). We also analyzed the enzymatic activity of
the single OXPHOS complexes by spectrophotometric assays in
muscle homogenates. Similarly to what we observed in the pre-
symptomatic treatment, the activity of CIV relative to control
was significantly increased in the post-symptomatic AICAR-
treated Cox10-Mef2c (92%) versus vehicle-treated Cox10-Mef2c
group (58%) (Fig. 2E). These results were substantiated by histo-
chemical COX staining, which showed reduced COX-negative fi-
bers in the AICAR-treated Cox10-Mef2c group (Fig. 2C, arrows).
Complex I, II and III activities were not affected after AICAR
treatment, and CS activity was significantly increased only in
the AICAR-treated control group (Fig. 2E), but not in the AICAR-
treated Cox10-Mef2c mice.

To further characterize the molecular mechanism of the re-
covery, we analyzed the assembly of individual OXPHOS com-
plexes in Blue Native Gels. We observed that the steady-state
levels of the CIV holocomplex were markedly reduced in the
Cox10-Mef2c mice at 7.5 months (Fig. 2F). However, CIV holocom-
plex levels were restored after AICAR-treatment in the Cox10-
Mef2c mice (Fig. 2F and G). Therefore, we concluded that post-
symptomatic AICAR treatment also restored both the endur-
ance phenotype and the CIV activity in skeletal muscle. To in-
vestigate the molecular basis of the improved of the phenotype,
which was still observed 4 months after the end of the treat-
ment, we performed histochemical COX staining in skeletal
muscle. At the age of 11.5 months, AICAR-treated Cox10-Mef2c
showed a lower number of COX-negative fibers compared with
the vehicle-treated Cox10-Mef2c (Fig. 2D, arrows).

Mitochondrial biogenesis was not significantly
increased in post-symptomatic AICAR-treated Cox10-
Mef2c mice

In order to study the mechanisms responsible for the correction
of CIV activity in the Cox10-Mef2c mice treated with AICAR, we
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analyzed the steady-state levels of representative subunits for
each OXPHOS complex by western blot analysis of skeletal mus-
cle homogenates. COX1, an mtDNA-encoded CIV subunit, was
reduced in Cox10-Mef2c mice compared with controls, and fully
restored to control levels in AICAR-treated Cox10-Mef2c (Fig. 3A
and B). In both control and Cox10-Mef2c homogenates, the
steady-state levels of representative subunits of other OXPHOS

complexes (I–V) were not altered after AICAR treatment (Fig. 3A
and B). Then, we analyzed mtDNA levels in two different mus-
cles (quadriceps femoralis and gastrocnemius) and found no
significant differences in AICAR-treated groups compared with
the respective vehicle-treated groups (Fig. 3C). Because PGC-1a

is a master regulator of mitochondrial biogenesis and was re-
ported to be increased in vivo by AICAR (39), we analyzed the
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PGC-1a levels in skeletal muscle of the animals with the post-
symptomatic treatment. We found no changes in the protein
levels of PGC-1a between the Cox10-Mef2c groups (Fig. 3A and B),
but did not determine its phosphorylation status. Taken to-
gether, these data indicate that post-symptomatic AICAR-treat-
ment restored COX levels and activity in the Cox10-Mef2c model.
However, global increased mitochondrial biogenesis is unlike to
explain the recovery observed, suggesting a different
mechanism.

AICAR treatment changes fiber type composition

Skeletal muscle is an adaptive tissue composed of multiple fi-
bers types that differ in their metabolic and contractile proper-
ties including glycolytic fast-twitch (type IIb and IIx) fibers,
mixed oxidative/glycolytic fast twitch (type IIa) fibers and
oxidative-slow-twitch (type I) fibers (40,41). The switching of
muscle fibers from fast to slow twitch is associated with

increased endurance (42–44). Therefore, we tested whether the
improvement in running endurance in the AICAR-treated
Cox10-Mef2c mice, was associated with a switch from fast to
slow-twitch (more oxidative) fiber types. For this aim, we ana-
lyzed the expression of transcripts coding for the myosin heavy
chain (MHC) subtypes: IIb, IIx, IIa and I. Quantitative RT-
polymerase chain reaction (RT-PCR) in RNA from the quadriceps
femoralis muscle showed no significant change in the tran-
scripts levels of MHC-IIb, MHC-IIx and MHC-I after AICAR treat-
ment (Fig. 3D). However, MHC-IIa transcripts levels were
increased 3.5-fold in skeletal muscle of AICAR-treated control
group compared with the vehicle-treated one (Fig. 3D). These
results were substantiated by immunohistochemistry
(Supplementary Material, Fig. S5), and suggest an increase of
this more oxidative fiber type after AICAR treatment in wild-
type mice. Interestingly, MHC-IIa transcript levels were also in-
creased in untreated Cox10-Mef2c animals (by 2-fold) compared
with the untreated wild-type animals, suggesting a switch to
slow fibers in the myopathy model (Fig. 3D and Supplementary
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Material, Fig S5). However, treatment with AICAR did not en-
hance these changes (as observed in wild-type mice, Fig. 3D).

Skeletal muscle transcriptome induced by AICAR in
Cox10-Mef2c mice

To dissect the transcriptional alterations associated with the re-
stored CIV activity and endurance phenotype, we studied the
muscle transcriptome induced by AICAR in quadriceps muscle
in the myopathy model. Microarray analysis identified 39 genes
differentially expressed after 12 weeks of treatment in the skel-
etal muscle of the AICAR-treated Cox10-Mef2c compared with
the vehicle-treated Cox10-Mef2c (Supplementary Material, Table
S1). Enrichment pathway analysis showed that the differentially
expressed genes included some of the already known down-
stream effectors of AMPK, like PPAR-d, p70S6 kinase and the his-
tone acetylase PCAF (p300/CBP associated transcription factor)
(24). Other transcripts activated by AICAR included the thyroid
hormone receptor (TR-alpha), retinoid acid receptor alpha and
beta, AKT pathway and Inositol 3-Phosphate receptor (IP3 re-
ceptor) among others (Supplementary Material, Table S2). We
detected changes in the MicroRNA133a-1 (Mir133a-1), which
was down-regulated (2.63-fold) and in the cysteine and glycine-
rich protein 3 (Csrp3), which was up-regulated (2.84-fold,
Supplementary Material, Table S1). Mir133a-1 is a negative regu-
lator of myogenesis (45), while Csrp3 is a transcription coactiva-
tor that facilitates myogenic differentiation (46,47) .

We also analyzed the transcriptome data by filtering genes
that had their expression changed by AICAR in the myopathy
model, but not in the controls. This normalized analyses
showed that 48 genes were differentially regulated by AICAR
only in the myopathy model (Supplementary Material, Table
S3). These genes belong to several functional classes, and 20%
are transcription factors or co-activators/co-repressors of tran-
scription factors (Supplementary Material, Table S3). Other
functional classes included: proteasome, chaperones, autoph-
agy, apoptosis, inflammation, angiogenesis and myogenesis.
The analysis of the transcriptome showed several candidates
that could mediate a beneficial response upon AMPK activation
in the myopathic tissue. The levels of another micro RNA
(MicroRNA-1) were decreased 1.82-fold in the quadriceps of
AICAR-treated Cox10-Mef2c when compared with AICAR-treated
control mice (Supplementary Material, Table S3). MicroRNA-1
targets Histone Deacetylase 4, and is a well-established inhibi-
tor of muscle differentiation (45). Therefore, its down-regulation
could also contribute to the regeneration of the skeletal muscle.

In summary, the transcriptome analysis suggested that pro-
longed AICAR treatment induced several regulatory pathways
that include: transcription regulation, protein folding, regula-
tion of inflammatory processes, and cell growth, proliferation
and differentiation.

AICAR induces muscle fiber regeneration reducing the
percentage of recombined floxed-Cox10 allele in skeletal
muscles of Cox10-Mef2c

Based on the transcriptome studies, we next tested whether the
recovered CIV activity and motor performance were associated
with AICAR-induced skeletal muscle regeneration. This was
suggested by the down-regulation of Mir133a-1 (Supplementary
Material, Table S1) and Mir1 (Supplementary Material, Table S2),
negative regulators of muscle proliferation and differentiation,
respectively (45), and by the up-regulation of Csrp3, a positive

regulator of myogenesis. In newly formed myofibers, the nuclei
are centrally located (arrows in Fig. 4D) and then migrate to the
periphery as the muscle fiber ages. Histological analysis of the
quadriceps showed increased newly formed myofibers in the
AICAR-treated Cox10-Mef2c compared with the vehicle-treated
Cox10-Mef2c mice (by 2-fold, Fig. 4A–E). Similarly, we detected 1.
8-fold increase in the number of fibers presenting central nuclei
in the gastrocnemius muscle of AICAR-treated Cox10-Mef2c
compared with the vehicle-treated KO (Supplementary
Material, Fig. S6F), confirming that AICAR enhanced the myo-
fiber regeneration in the mitochondrial myopathy model. In
contrast, no differences in the number of newly formed fibers
were found in the AICAR-treated wild-type animals compared
with the vehicle-treated ones.

Because the skeletal muscle of AICAR-treated Cox10-Mef2c
mice showed increased number of newly formed myofibers, we
suspected that the restored CIV activity could be related to re-
duced deletion of Cox10 gene in these newly formed fibers. To
validate this hypothesis we analyzed the % of deletion of the
floxed Cox10 allele in skeletal muscle of Cox10-Mef2c in the vehi-
cle and AICAR-treated groups (expressed as % of recombination
Fig. 4F). Quantitative PCR (qPCR) of genomic DNA from quadri-
ceps and gastrocnemius of vehicle-treated Cox10-Mef2c con-
firmed the loss of exon 6 of the Cox10 gene (Fig. 4F). For
quadriceps, at the age of 4.5 months (right before post-
symptomatic treatment starts) we determined that �18% of all
alleles were deleted (Fig. 4F). Three months later, and in agree-
ment with the progression of the disease, recombination in the
vehicle-Cox10-Mef2c group increased to �54%. However, the % of
recombination did not increase in the AICAR-treated Cox10-
Mef2c group (Fig. 4F, 7.5m). A similar finding was detected in the
gastrocnemius muscle of the AICAR-treated Cox10-Mef2c.
Accordingly, the number of COX-negative fibers positively cor-
related with the % of floxed allele deletion (Fig. 4G). Likewise, we
detected a similar reduction in floxed allele deletion in the pre-
symptomatic AICAR treatment (Supplementary Material, Fig.
S7). Because the beneficial effects of the AICAR treatment were
still observed 3 months after the end of the treatment, we calcu-
lated the % of recombination of floxed-Cox10 at that time point
(Supplementary Material, Fig. S7, 7.5 m). Three months after
stopping AICAR treatment, the % of deletion increased in the
AICAR-treated Cox10-Mef2c mice (compared to 4.5 m of age,
Supplementary Material, Fig. S7). However, it was still lower
than the % of recombination in the vehicle-treated Cox10-Mef2c
group at the same age (Supplementary Material, Fig. S7, 7.5 m).
These data indicate that AICAR-treatment increased the num-
ber of newly formed fibers and reduced the percentage of dele-
tion of floxed-Cox10 gene in skeletal muscle of Cox10-Mef2c
animals, therefore increasing the levels of a functional Cox10
gene and ameliorating the myopathy phenotype.

To confirm that there was an increase in muscle regenera-
tion we stained muscle sections with MyoD and Ki67, markers
of immature muscle (48) and cell proliferation (49), respectively.
Accordingly, we observed an increase in both markers after
treating the Cox10-Mef2c mice with AICAR (Fig. 5).

The role of autophagy and mitochondrial unfolded
protein response in the AICAR treatment of a
mitochondrial myopathy model

Although muscle regeneration appears to play a major role in
the improved phenotype, we further explored other mecha-
nisms that could contribute to the improved muscle function.
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To test if autophagy was increased in our model, we mea-
sured the levels of the autophagy marker LC3B in homogenates
from quadriceps by western blot. Microtubule-associated pro-
tein 1 light chain 3 (LC3B) was increased in the AICAR-treated
Cox10-Mef2c group. LC3B-II, the lipidated form that is more ac-
tive in autophagy was not detectable in most samples, but the
high levels of LC3B-I suggest an increase in the autophagy ma-
chinery (Supplementary Material, Fig. S8A). WIPI-2 (WD repeat
domain phosphoinositide-interacting protein-2) is the mamma-
lian homolog of Atg18 protein (Autophagy-related protein 18)
and participates in the formation of the autophagosome by rec-
ognition of the phosphatidylinositol 3-phosphate (PtdIns3P)
(50,51). Western blot results showed that WIPI-2 was increased
in the AICAR-treated Cox10-Mef2c group compared with the
vehicle-treated Cox10-Mef2c (Supplementary Material, Fig. S8A).
WIPI-2 RNA levels were also increased in the transcriptome
studies (Supplementary Material, Table S3). However, the levels
of other proteins related to the autophagy process showed no
differences (Supplementary Material, Fig. S8B).

Both mitochondrial proteins, HSP60 and HSP70 were in-
creased in AICAR-treated Cox10-Mef2c mice compared with ve-
hicle-treated Cox10-Mef2c (Supplementary Material, Fig. S8C).

This indicates that the mitochondrial UPR may also contribute
to the amelioration of the phenotype.

Discussion
In this work, we showed that prolonged treatment with the
AMP-mimetic AICAR improved the motor phenotype and the
COX activity in the skeletal muscle of the Cox10-Mef2c-cre mice.
These beneficial effects were associated with the presence of
new muscle fibers with reduced number of deleted Cox10 alleles.
Our results agree with previous studies showing that AICAR
treatment restored COX deficiency in mouse models with iso-
lated COX deficiency (15), corroborating the potential of AICAR to
treat mitochondrial myopathies. Besides the molecular mecha-
nisms (discussed below), we made three novel observations that
are relevant to its potential therapeutic use: 1) We showed that
AICAR-activated AMPK improved the COX deficiency after the
onset of the disease, therefore demonstrating the efficacy of this
compound once the disease has manifested. This result has
great significance as it better reflects clinical situations. 2) We
showed that the improvement was maintained months after the
drug was discontinued, which also provided clues to its
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mechanisms (discussed in more details below). 3) We showed
the safety of the prolonged administration of AICAR, at least in
rodents, since we did not observe overt toxicity.

It has been shown that AICAR can enhance endurance in
wild-type mice by re-programing skeletal muscle gene expres-
sion (25). This study showed that AMPK simultaneously target
multiple transcriptional programs that increased oxidative me-
tabolism, angiogenesis and glucose sparing, pathways that are
directly relevant to muscle performance. Because one of the
pathways activated by AMPK is mitochondrial biogenesis and
function (52) we expected to induce strong mitochondrial bio-
genesis by AICAR treatment. However, our results showed that
prolonged AICAR treatment increased some but not all mito-
chondrial markers, and these increases were modest. We did
not detect significant increases in mtDNA levels, neither in CS
activity in the skeletal muscle of the Cox10-Mef2c after AICAR
exposure, although we did detect an increase in CS in treated
controls. Our results differ from previous studies showing that
AICAR robustly enhances mitochondrial biogenesis in three dif-
ferent mouse models with CIV deficiency (15). However, there
are several differences between these studies that could explain
this discrepancy. We treated the animals chronically for 12
weeks with AICAR, while the length of the AICAR treatment in
the Viscomi et al. (15) study was shorter, 4 weeks. It is possible
that short AICAR-mediated AMPK activation increased PGC-1a

protein levels, but this effect cannot be maintained after pro-
longed administration. Also, the fact that the dose of AICAR
used in our study (500 mg/kg/day) was twice as high as the one
used in Viscomi et al. (250 mg/kg/day) could be responsible of
the activation of different target-pathways.

Therefore, although increased autophagy and mitochondrial
unfolded protein response (mtUPR) may create a favorable envi-
ronment that helps improve mitochondrial dysfunction, we be-
lieve that the main mechanism responsible for the phenotypic
improvements relates to muscle regeneration. Cox10-Mef2c mice
showed a trend toward an increase in newly formed muscle fi-
bers, which suggests an adaptive response to the presence of
CIV deficiency. AICAR treatment led to a further increase in the
presence of newly formed fibers. Several studies showed that
AMPK is required for skeletal muscle regeneration after cardio-
toxin injury (53). Skeletal muscle repair was delayed in the
AMPKa1 full body knock-out (KO) mice from day 2 post injury
compared with wild-type mice (54). AMPKa1 KO muscle pre-
sented a significant higher number of necrotic myofibers, and
consequently the number of newly formed myofibers (centrally
nucleated) was delayed (54). Specific deletion of AMPKa1 in
macrophages also impaired skeletal muscle regeneration after
injury. AMPKa1 in the macrophages has been shown to be nec-
essary for the activation of an anti-inflammatory state, which is
required for muscle regeneration.
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In addition, administration of Metformin, which directly ac-
tivates AMPK, protects skeletal muscle from cardiotoxin-
induced damage (55). In metformin treated muscle, 5 days after
injury, the degenerating fibers were replaced by regenerating
tissue, as shown by the presence of centro-nucleated fibers and
by smaller fiber size. In contrast, muscle from untreated mice
showed fewer centro-nucleated regenerating fibers and massive
presence of inflammatory cells filling up the degenerating fibers
(55). Recently, it has been shown that a periodic diet that
mimics fasting, and therefore thought to triggers the stress nu-
trient deprivation signals such as AMPK, promotes regeneration
of several tissues in mice, including skeletal muscle (56). In our
study, the histological and immunohistological analyses (H&E,
MyoD and Ki67) confirmed that AICAR-induced muscle regener-
ation in the myopathy model and restored CIV activity and en-
durance by increasing the number of new skeletal muscle fibers
that were not COX deficient yet. The reduced levels of deletion
of the floxed-Cox10 gene in the skeletal muscle of the AICAR-
treated mutant, which correlates with the COX deficiency, pro-
vides strong evidence supporting this model. The microarray
data indicated that AICAR induced the down-regulation of in-
hibitors of muscle proliferation and differentiation (Micro
RNA133a-1 and Micro-RNA-1), and the up-regulation of the pos-
itive regulator of myogenesis transcription factor Csrp3.
Therefore, our combined data support a model in which AICAR-
induced muscle regeneration is the main mechanism responsi-
ble for the improved muscle CIV activity and recovered motor
phenotype (Fig. 6). We did not see AICAR-induced muscle regen-
eration in control animals. This can be explained by the absence
of inflammation in the skeletal muscle of control since AMPKa-
1 is crucial for the resolution of inflammation during skeletal
muscle regeneration (54).

Our results clearly showed that the beneficial effects of
AICAR were maintained 3 months after the end of treatment.
This long lasting effect can be explained indeed by the presence
of new skeletal-muscle fibers, which in our model would take

some time to become completely deficient for COX activity.
Accordingly, we detected decreased levels of deletion of floxed-
Cox10 gene in skeletal muscle of Cox10-Mef2c animals after
AICAR treatment compared with the Cox10 group treated with
saline. The lower % of deletion in the Cox10 gene would restore
CIV activity and running endurance. However, once the treat-
ment ended, the % of Cox10 deletion started to increase in both
groups (AICAR and vehicle). Because of its lower starting point,
the proportion of Cox10 deletion in muscle was still lower even
3 months after the end of the treatment in the groups that were
treated with AICAR.

In addition, AMPK activation by AICAR has the potential to
stimulates autophagy in skeletal muscle (57), which could also
have beneficial effects on muscle function by selective elimina-
tion of the defective mitochondria (24). Acute AMPK stimulation
by AICAR has been shown to initiate autophagy through differ-
ent mechanisms involving activation of ULK1 (mammalian ho-
molog of Atg1), inhibition of mTORC1, phosphorylation of
raptor and activation the tuberous sclerosis complex (58,59). In
AICAR-treated Cox10-Mef2c mice, there was significant up-
regulation of the transcripts and protein levels of the
mitophagy-associated protein WIPI-2, which participates in the
phagosome formation and is required for the formation of LC3B
(a microtubule-associated protein implicated in autophagy)
positive phagosomes (50). We also observed increased expres-
sion of LC3B. Interestingly, WIPI-2 protein sequence has the
consensus recognition motif of AMPK (60), suggesting it is a pu-
tative direct target of AMPK and of AICAR by extension. In addi-
tion, our data showed that AICAR-treatment increased the
mtUPR in the KO mice, as indicated by the presence of increased
levels of the mitochondrial chaperones HSP60 and HSP70.
However, all these changes in the autophagy and UPR machin-
ery may be secondary and not be the major drivers of the phe-
notypic improvement.

If this model (Fig. 6) is correct, AICAR treatment would be
beneficial mostly to myopathies that affect older, mature mus-
cle fibers more severely than younger, newly regenerated fibers.
This probably include a large group of conditions where aggre-
gates and oxidative products accumulate. It could also benefit
myopathies caused by heteroplasmic mtDNA mutations, as
regenerating fibers were found to have lower percentages of
mutant genomes (61).

In summary, we propose that pharmacological activation of
the AMPK, using AICAR, have the capacity to restore CIV activity
and ameliorate the phenotype in the myopathy mouse model
Cox10-Mef2c mostly by increasing muscle fiber regeneration,
and to a lesser extend or secondarily, by increasing the levels of
some mitochondrial proteins, increasing mitophagy and mito-
chondrial unfolded protein response (Fig. 6). Clinically approved
pharmacological AMPK activators exist (e.g. Metformin) and
AICAR has been used in clinical trials successfully for diabetes
and ischemic reperfusion injury following coronary artery by-
pass surgery (62–64). Thus, this approach has the potential of
being beneficial to some patients with mitochondrial
myopathies.

Materials and Methods
Mice procedures

All animals used in this work were females in a C57Bl/6J back-
ground, backcrossed for at least 10 generations. All experiments
and animal husbandry were performed according to a protocol
approved by the University of Miami Institutional Animal Care

Figure 6. General mechanisms associated with prolonged AICAR treatment in a

mitochondrial myopathy model. We found that AICAR treatment led to an in-

crease in muscle regeneration, reflected by increased central nucleated fibers

and increased MyoD and Ki67-positive nuclei. This resulted in a concomitant

marked decrease in deleted Cox10 alleles. Milder differences were also found in

some mitochondrial, autophagy and mt-UPR markers.

3187Human Molecular Genetics, 2016, Vol. 25, No. 15 |



and Use Committee. Mice were housed in a virus-antigen-free
facility of the University of Miami, Division of Veterinary
Resources in a 12-h light/dark cycle at room temperature and
fed ad libitum. Mice homozygous for floxed Cox10 were gener-
ated previously in this lab (34) and the transgenic Mef2c-cre ani-
mals were obtained from Dr Brian L. Black at UCSF. In order to
knock out Cox10 in skeletal muscle, mice homozygous for floxed
Cox10 (Cox10f/f) were bred with transgenic mice (Mef2c-cre) ex-
pressing cre recombinase under the control of the myocyte en-
hancer factor 2 promoter (36).

AICAR treatments

AICAR was purchased from Toronto Research Chemicals,
Cat#A611700. Two different treatment protocols were tested.
Pre-symptomatic treatment start before the onset of the myop-
athy (mice were 1.5 month at initiation, 4.5 months of age at ter-
mination) and the post-symptomatic treatment start after
onset of the disease (mice were 4.5 months at initiation, 7.5 m
at termination). In both cases, AICAR was administered contin-
uously, during 3 months (5 days a week), by IP at dose of
500 mg/kg dissolved in vehicle (saline).

Endurance test

A treadmill apparatus (Columbus Instruments) was used to de-
termine exercise capacity under an endurance paradigm, before
treatment started and every 2 weeks once started. A gradually
accelerating program, with speed initially at 6.5 m/min and in-
creasing by 0.5 m/min every 3 min, was used. Animals ran until
exhaustion, which is defined by>10 falls/min into the motiva-
tional grid.

Blood work

Blood was withdrawn from deeply anesthetized animals by car-
diac puncture. Serum was obtained, and the levels of liver, kid-
ney, pancreas enzymes and creatine phosphokinase were
determined by the Comparative Pathology Laboratory at the
University of Miami, Miller School of Medicine

Histochemistry

Muscle tissue was frozen in isopentane liquid nitrogen. Cross-
sections (10 mm) were stained for COX, SDH and combined activ-
ities as described in (65). Briefly, sections were incubated in 100
mM sodium phosphate buffer pH 7.4 containing 0.5 mg/ml dia-
minobenzidine, 0.2 mg/ml cytochrome c and 40 mg/ml sucrose
at 37�C for 40 min. Succinate dehydrogenase or SDH activity
stain was performed as described in Ref. (34) by incubating sec-
tions in 10 mM sodium phosphate buffer pH 7.5 containing
1.6 mg/ml EDTA, 0.65 mg/ml KCN, 0.06 mg/ml phenazine metho-
sulfate, 1.3 mg/ml succinic acid and 1.2 mg/ml nitroblue tetrazo-
lium at 37�C for 20 min. For double COX/SDH stain, sections
were first stained with COX reagents, washed three times in PBS
and then incubated with SDH reagents.

Determination of enzyme activities

Homogenates of quadriceps were prepared in PBS containing a
protease inhibitor mixture (Roche Diagnostics) in a volume of
�10� the weight. Tissue was minced first with scissors and
then disrupted by 10–15 strokes using a motor driven

homogenizer. Homogenates were centrifuged at 100g for 5 min
and supernatants used for enzymatic assays. Complex I–IV and
CS activities were measured spectrophotometrically as de-
scribed previously (66,67). Assay results were normalized to pro-
tein concentration obtained by the Bradford method (68)
Specific activity was determined and values represented as per-
centage of control values performed simultaneously.

Western blots

Protein extracts were prepared from homogenates of quadri-
ceps as mentioned above. Before loading, sodium dodecyl sul-
fate (SDS) was added to the homogenate at the final
concentration of 4%. Homogenates were then centrifuged at 14
000g at 4 �C, and the supernatant was collected for analysis.
Protein concentration was determined by Lowry assay using the
BCA kit (BioRad). Approximately 20–40 mg of protein were sepa-
rated by SDS–polyacrylamide gel electrophoresis (PAGE) in 4–
20% acrylamide gels and transferred to polyvinylidene difluor-
ide (PVDF) membranes. Membranes were blocked with 5% non-
fat milk in 0.1% Tween 20 in PBS and subsequently incubated
with specific antibodies. Primary antibodies, which were incu-
bated overnight at 4 �C. Antibodies against Phospho-
AMPK(T172), Total-AMPK, LC3B, WIPI2, ATG7 and BECLIN
(1:1000) were obtained from Cell Signaling; COX1, NDUFA9,
SDHA, UQCRC2, OXPHOS cocktail rodent mixture and PGC-1a

(1:1000) were obtained from Abcam; Actin (1:5000) from Sigma.
Horseradish peroxidase-conjugated secondary antibodies were
used at 1:2000 dilution (Cell Signaling) and signal was developed
by chemiluminescence using the SuperSignal West Pico reagent
(Thermo Scientific).

Blue native–PAGE

To identify and estimate the levels of individual respiratory
complexes, quadriceps homogenates were treated with 1% lau-
ryl maltoside (Sigma) and mitochondrial complexes separated
by blue native–PAGE (BN–PAGE) in 4–16% acrylamide gradient
gels (Invitrogen) (69,70). Twenty micrograms of proteins were
separated by PAGE, transferred to a PVDF membrane (Bio-Rad),
and incubated sequentially with antibodies against several sub-
units of the different mitochondrial respiratory complexes.

mtDNA levels

Genomic DNA was extracted from quadriceps and gastrocne-
mius by fast pulverization of the tissue in liquid nitrogen and
DNA extraction using standard proteinase K, phenol, chloro-
form extraction and isopropyl alcohol precipitation. The ratio of
mitochondrial to nDNA was determined by quantitative real-
time PCR using 2 ng of genomic DNA in a 20 ml reaction mixture
using Sso Advanced Universal SYBR Green Supermix (Biorad)
following PCR conditions stipulated by the manufacturer in a
CFX96 Real Time PCR system (Biorad). Primers for the mtDNA
were ND1-F: 50-CAG CCT GAC CCA TAG CCA TA-30 and ND1-B:
50-ATT CTC CTT CTG TCA GGT CGA A-30 and for the genomic
DNA b-actin-F: 50-GCG CAA GTA CTC TGT GTG GA-30 and b-ac-
tin-B: 50-CAT CGT ACT CCT GCT TGC TG-30. To determine rela-
tive quantity of mtDNA in each sample, we used the
comparative Ct method (71) and expressed as a ratio of ND1/
Actin.
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qPCR of genomic DNA

To quantify the deletion of the floxed Cox10 allele qPCR was per-
formed using 20 ng of genomic DNA in a 20 ml assay using Sso
Advanced Universal SYBR Green Supermix (Biorad) on a CFX96
Real Time PCR system (Biorad) in triplicates. A standard curve
was generated using genomic DNA from Cox10flox/flox and
Cox10flox/þanimals. The values were standardized to an inde-
pendent gene (Epidermal Growth Factor) as described previ-
ously (72). A 167-base-pair Cox10flox-specific fragment was
obtained with primers 50-CGGGGATCAATTCGAGCTCGCC-30 and
50-CACTGACGCAGCGCCAGCATCTT-30. The percentage of dele-
tion was calculated by assuming that recombination occurs in
both floxed alleles in Cre-expressing cells (73).

Microarray analysis

Genome-wide analysis was performed in quadriceps from
vehicle-treated control, AICAR-treated control, vehicle-treated
Cox10-Mef2c and AICAR-treated Cox10-Mef2c mice. RNA was ex-
tracted using QIAGEN kit, following manufacture indications.
Preparations of transcription products, oligonucleotide array
hybridization and scanning were performed by using
Affymetrix high-density oligonucleotide array mouse genome
chip 1.0 according to Affymetrix protocols. Microarray was per-
formed in Microarray and Gene Expression Core, Miami
Institute for Human Genomics and University of Miami Miller
School of Medicine. First Expression Console software was used
for data import, normalization and quality control. And for the
differential expression the Transcriptome Analysis Console
Software was used.

Immunohistology

Paraffin muscle sections (10 mm) were processed for hematoxy-
lin and eosin staining for visualization of muscle fibers. Central
nucleation (distinguishing feature of regenerating muscle fibers)
were determined using Image J software.

Frozen muscle sections (10 mm) were blocked with 5% bovine
serum albumin for 1 h at RT, and permeabilized with 1% Triton
X-100. Sections were incubated with anti-Ki67 antibody (Abcam,
1:400), anti-Laminin (Sigma, 1:100) and anti MyoD (D7F2,
Developmental Studies Hybridoma Bank,1:400) and anti-
MHCIIa antibody (SC-71, Developmental Studies Hybridoma
Bank, 1:400), over night at 4 �C. Slides were then incubated with
Alexa-fluor secondary Ab for 2 h at RT, (Invitrogen) and
mounted with Vectashield mounting medium for fluorescence
plus D.A.P.I. Images were captured with an Olympus BX51 con-
focal microscope.

Statistical analysis

Two-tailed, unpaired Student t-test was used to determine the
statistical significance between two groups (GraphPad
Software). Multiple groups were compared using a one-way
analysis of variance followed by a Bonferroni post hoc compari-
son (GraphPad Software). Error bars represent SEM. Significance
when P< 0.05.

Supplementary Material
Supplementary Material is available at HMG online.
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