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We recently identified physical exer-
cise as a newly defined inducer 

of autophagy in vivo. Exercise induced 
autophagy in multiple organs involved 
in metabolic regulation, such as muscle, 
liver, pancreas and adipose tissue. To 
study the physiological role of exercise-
induced autophagy, we generated mice 
with a knock-in nonphosphorylatable 
mutation in BCL2 (Thr69Ala, Ser70Ala 
and Ser84Ala) (BCL2 AAA) that are 
defective in exercise- and starvation-
induced autophagy but not in basal auto-
phagy. We found that BCL2 AAA mice 
could not run on a treadmill as long as 
wild-type mice, and did not undergo 
exercise-mediated increases in skeletal 
glucose muscle uptake. Unlike wild-
type mice, the BCL2 AAA mice failed 
to reverse high-fat diet-induced glucose 
intolerance after 8 weeks of exercise 
training, possibly due to defects in sig-
naling pathways that regulate muscle 
glucose uptake and metabolism during 
exercise. Together, these findings sug-
gested a hitherto unknown important 
role of autophagy in mediating exercise-
induced metabolic benefits. In the pres-
ent addendum, we show that treadmill 
exercise also induces autophagy in the 
cerebral cortex of adult mice. This obser-
vation raises the intriguing question of 
whether autophagy may in part mediate 
the beneficial effects of exercise in neu-
rodegeneration, adult neurogenesis and 
improved cognitive function.

The relationship among autophagy, exer-
cise and metabolic regulation has been a 
largely unexplored field. Physical exercise 
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has numerous health benefits, such as life-
span expansion, and protection against 
cardiovascular diseases, diabetes, cancer 
and neurodegenerative diseases.1 Many of 
these health benefits overlap with known 
protective functions of the cellular path-
way of macroautophagy (herein referred to 
as autophagy).2,3 Thus, we proposed that 
some of the health benefits of exercise may 
be due to autophagy activation.

To test this hypothesis, we exer-
cised wild-type mice that transgenically 
express the fluorescent autophagy marker 
GFP-LC34 on a treadmill, using a running 
protocol with increasing speed at defined 
intervals.5 We found that in both skeletal 
and cardiac muscle 30 min of exercise 
was sufficient to induce GFP-LC3 puncta 
(autophagosome) formation, which 
reached a plateau after 80 min. Using a 
combination of assays including GFP-LC3 
puncta formation, LC3-II conversion and 
SQSTM1/p62 degradation, we showed 
that autophagy activity is induced by exer-
cise in multiple organs, including skeletal 
muscle, heart, liver, pancreatic β cells and 
adipose tissue. These observations sug-
gested a possible role of autophagy in met-
abolic regulation during exercise.

To study specific roles of exercise-
induced autophagy, we utilized a mouse 
model that is defective in exercise-induced 
autophagy but maintains normal lev-
els of basal autophagy. Previous reports 
have shown that loss of basal autophagy 
activity in cardiac or skeletal muscle 
leads to abnormal development, and car-
diac failure and skeletal muscle atrophy, 
respectively;6,7 therefore, (inducible) tis-
sue-specific knockout of autophagy genes 
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the possibility that other methods of sam-
ple preparation, similar to those used in 
recent reports that have detected increased 
GFP-LC3 puncta in the brains of mice 
subjected to starvation,16 might be more 
sensitive and detect autophagy induction 
in other regions of the brain.

In addition to increased GFP-LC3 
puncta, we detected a marked decrease in 
SQSTM1/p62 levels in whole brain lysates 
and cerebral cortex lysates from wild-type 
mouse brains after exercise, which was not 
observed in the brains of BCL2 AAA mice 
after an identical duration and intensity 
of treadmill exercise (Fig. 1C and 1D). 
These data suggest that autophagic flux 
in brain is increased after exercise in wild-
type mice but not in BCL2 AAA mice. 
We did not detect changes in LC3-II 
conversion pre- and post- exercise in 
either genotype in whole brain (Fig. 1C), 
or in cerebral cortex (Fig. 1D); this may 
reflect decreased sensitivity of the LC3-II 
conversion assay as compared with mea-
surements of SQSTM1/p62 degradation 
or GFP-LC3 puncta. It is also possible 
that there are other Atg8 homologs in 
the brain that may play more important 
roles than LC3B in autophagy, and that 
the anti-LC3B antibody used for western 
blot analysis in our study therefore did 
not detect conversion of the biologically 
relevant Atg8 homolog. Further studies 
will be required to elucidate in more detail 
the role of lipidation of specific mamma-
lian Atg8 homologs in exercise-induced 
autophagy in the brain.

Taken together, we conclude that exer-
cise induces autophagy in the cerebral cor-
tex of the brain. More detailed analyses 
will be required to determine the precise 
subpopulations of neurons that upregu-
late autophagy in response to exercise. 
Previous studies have shown that tread-
mill exercise upregulates sirtuin 1 levels 
and AMPK activation in rat brain.17 As 
both of these factors function as positive 
regulators of autophagy,18 one obvious 
question is whether they may contribute 
to the upregulation of autophagy that we 
observed in the brains of wild-type mice 
after exercise.

There are numerous additional 
questions that remain to be answered. 
For example, the precise molecular 
mechanisms that cause altered glucose 

their dietary-induced glucose intolerance 
after 8 weeks of exercise training. We pos-
tulate that this mechanism may involve 
the impaired exercise-induced increase in 
muscle glucose uptake and AMPK activa-
tion that we observed during single bouts 
of forced treadmill exercise. Together, 
our findings suggested an unexpected 
role of autophagy in the regulation of 
glucose metabolism, AMPK activation, 
and exercise-mediated protection against 
type 2 diabetes. Given the central role of 
AMPK activation in treatment of diabe-
tes and prevention of cancer,14 this posi-
tive feedback loop (also reported by others 
in vitro15) between autophagy and AMPK 
activation during exercise may have 
important implications for understanding 
the role of altered autophagy in metabolic 
diseases, cancer and aging.

Intriguingly, in addition to various 
peripheral organs involved in metabolism, 
such as muscle, liver, pancreas and adi-
pose tissue,5 we found that autophagy is 
also potently induced by acute exercise in 
the brain (Fig. 1). We exercised 8-week-
old GFP-LC3 transgenic wild-type mice 
on the treadmill for 95 min, and exam-
ined biochemical markers of autophagy by 
western blot analyses, as well as GFP-LC3 
puncta in brain sections after paraformal-
dehyde perfusion by fluorescence micros-
copy. We found that there was a 2-fold 
increase in numbers of GFP-LC3 puncta 
in the anterior cerebral cortex after exer-
cise (Fig. 1A and B). Importantly, we 
note that there is a very high level of auto-
fluorescence in brain sections as com-
pared with other tissues, which is perhaps 
why this fluorescent autophagy reporter 
has not been used extensively to study 
autophagy in the brain in prior studies 
(despite widespread use in other tissues). 
However, we found that the use of spec-
tral unmixing (which separates the wave-
lengths of background auto-fluorescence 
from the wavelength of GFP) allowed us 
to detect authentic GFP-LC3 puncta. We 
also confirmed this finding by perform-
ing immunostaining with an anti-GFP 
antibody (Fig. 1A). Of note, we did not 
detect significant increases in GFP-LC3 
puncta in regions of the brain besides the 
cerebral cortex, including the olfactory 
bulb, hypothalamus, midbrain or cerebel-
lum (data not shown). We cannot rule out 

in these organs would not be a suitable 
approach for examining the physiological 
effects of deficient exercise-induced auto-
phagy. Thus, we generated a new mouse 
model (BCL2 AAA mice) with a knock-
in mutation in the phosphorylation sites 
of the nonstructured loop of the anti-
autophagy protein, BCL2.8 In a previous 
study, we found that multisite phosphory-
lation of BCL2 is essential for its release 
from BECN1 (also known as Beclin 1) 
and for starvation-induced autophagy 
in vitro, and that nonphosphorylatable 
mutations in human BCL2 block starva-
tion-induced, but not basal, autophagy.9 
As expected, we found that BCL2 AAA 
mice (which contain nonphosphorylat-
able mutations in the analogous sites in 
mouse BCL2) had normal muscle histol-
ogy and normal levels of basal autophagy, 
but were defective in starvation- and exer-
cise-induced autophagy. Accordingly, the 
BCL2 AAA mice serve as a useful model 
system to further study the functions of 
exercise-induced autophagy.

During acute exercise (single bout of 
treadmill running), compared with wild-
type mice, BCL2 AAA mice had decreased 
exercise endurance and impaired increases 
in muscle glucose metabolism, includ-
ing lower levels of decline in serum glu-
cose and insulin levels, decreased plasma 
membrane relocalization of the SLC2A4 
(also known as GLUT4) glucose trans-
porter, decreased uptake of radiolabeled 
glucose, and decreased activation of AMP-
activated protein kinase (AMPK). Similar 
findings were also observed in mice with 
mono-allelic loss of Becn1, and mice with 
hypomorphic expression of Atg16l1, sug-
gesting that this phenotype was due to 
impaired autophagy activation, rather 
than an off-target effect of the BCL2 AAA 
mutation. These abnormalities in glucose 
metabolism during acute exercise in mice 
deficient in exercise-induced autophagy 
led us to investigate whether autophagy 
might contribute to some of the benefi-
cial metabolic effects of chronic exercise 
training.

Exercise training protects against 
high-fat diet-induced type 2 diabetes 
in rodents and humans.10-13 We found 
that the induction of autophagy may be 
required for this protection, as only wild-
type, but not BCL2 AAA, mice, reversed 
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investigate the physiological consequences 
of this phenomenon. Of note, autophagy is 
an important “housekeeping” mechanism 
that eliminates protein aggregates and 
damaged organelles in neurons,19,20 and 

as aging, cancer, cardiovascular diseases, 
inflammatory diseases and neurodegener-
ative diseases. Based on our new data that 
exercise can induce autophagy in certain 
regions of the brain, it will be important to 

metabolism in autophagy-deficient mice 
remain unknown. Another open question 
is whether exercise-induced autophagy 
contributes to the beneficial effects of exer-
cise on diseases other than diabetes, such 

Figure 1. Autophagy is induced by exercise in the brain. (A) Representative images of GFP-LC3 puncta in the cerebral cortex from wild-type GFP-
LC3 mice at rest and after 95 min of exercise. The top panel shows the GFP-LC3 puncta in the brain after the auto-fluorescent signals were removed 
by spectral unmixing analyses. For spectral unmixing, images were acquired under a Zeiss 63x 1.4 NA PLAN-APOCHROMAT objective using a Zeiss 
LSM510 microscope equipped with a META multispectral detector at excitation of 488 nm. Linear unmixing was performed using the Zeiss LSM 
software by subtracting background (no GFP) peaks of 533 nm and 575 nm from the GFP spectrum, which peaked at 520 nm in tissue sections from 
GFP-LC3 mice. The bottom panel shows representative images of GFP immunofluorescence staining in cerebral crotex from the same wild-type GFP-
LC3 at rest and after 95 min of exercise. Brain sections were stained with an anti-GFP antibody and an Alexa Fluor 594-conjugated secondary antibody. 
Scale bar: 20 μm. (B) Quantification of GFP-LC3 puncta shown in (A). A minimum of 8 fields per mouse was analyzed. Results shown represent mean ± 
s.d. for 3 mice per experimental group. (C and D) Biochemical analysis of autophagy induction in extracts of whole brain (C) or cerebral cortex (D) from 
wild-type (WT) and BCL2 AAA mice at rest (-) or after 95 min of exercise by western blot detection of SQSTM1/p62 and LC3-II conversion. Actin was 
used as a loading control. Three mice per experimental group are shown.
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exercise is an intervention that improves 
neuronal synaptic plasticity, promotes 
adult neurogenesis, prevents cognitive 
decline in aging, and delays the onset of 
neurodegenerative diseases.21 Thus, a cru-
cial question is whether exercise-induced 
autophagy in the brain mediates some of 
these neuroprotective effects. Another 
intriguing question is whether the signals 
that trigger exercise-induced autophagy in 
the brain are cell-autonomous or derived 
from extrinsic systemic cues.
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