1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Metabolism. Author manuscript; available in PMC 2016 June 01.

-, HHS Public Access
«

Published in final edited form as:
Metabolism. 2015 June ; 64(6): 655-657. doi:10.1016/j.metabol.2015.03.002.

Exercising insulin sensitivity: AMPK turns on autophagy!
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Sedentary lifestyle, a key risk factor for multiple adverse health outcomes, is rapidly
becoming a worldwide phenomenon. Studies have shown that physical exercise significantly
reduces metabolic risks associated with obesity, type 2 diabetes, and cardiovascular-related
diseases as it improves insulin sensitivity in major insulin-target tissues, predominantly
skeletal muscle (1-4). The mechanisms underlying the beneficial effects of exercise on
skeletal muscle insulin sensitivity are not fully understood and have been the focus of
numerous research efforts in the field.

The AMP-activated protein kinase (AMPK) is a master regulator of fuel metabolism and
insulin action in muscle (5-7). Acute and long-term exercise training potently stimulate the
kinase activity of AMPK in skeletal muscle of humans and rodents (8). The extent of AMPK
activation depends on the intensity and duration of the exercise and is strongly associated
with increased insulin sensitivity (9-10). Evidence from AMPK knockout mouse models
showed that suppression of AMPK activity in skeletal muscle resulted in impaired muscle
contraction and voluntary running capacity, suggesting a necessity for AMPK signaling in
muscle physiological function (11-12). Importantly, activation of AMPK was proposed as a
regulatory mechanism that underlies exercise-induced glucose uptake in muscle, thereby
leading to increased systemic insulin sensitivity (13-14). Yet, the downstream signaling
pathways by which exercise-induced AMPK regulates the metabolic actions of insulin have
not been elucidated.

Autophagy is an evolutionarily conserved lysosomal catabolic pathway that plays a key role
in skeletal muscle metabolism (15). Under normal physiological conditions, autophagy
operates at basal level and maintains cellular homeostasis by recycling defective proteins
and malfunctioned organelles. However, during the course of physical exercise the
autophagic process is strongly induced. Stimulation of autophagy serves to sustain the high-
energy demands of the muscles during exercise by promoting the degradation of
macromolecules and subcellular organelles by autophagosomes and lysosomes. This
releases useful substrates such as amino acids that can be reused as an energy source.
Importantly, a recent study found that autophagy regulates muscle glucose homeostasis and
increases insulin sensitivity in response to physical exercise (16). It thus appears that
autophagy could be a central player of exercise-induced insulin sensitivity in skeletal
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muscle. However, whether the enhanced cellular catabolism orchestrated by autophagy
during physical exercise contributes to exercise-induced insulin sensitivity is an intriguing
unanswered question.

A potential link between exercise and autophagy has been suggested in the context of
AMPK action (17-18). One of the first observations for the involvement of AMPK in the
autophagic action emerged from a study in the yeast Saccharomyces cerevisiae in which
mutation of the AMPK ortholog SNF1 gene led to defective fuel metabolism. Genetic
screening analysis revealed that the ATG1 and ATG13 genes, both of which are involved in
the autophagy signaling cascade, may be regulated by SNF1 (19). Follow-up studies
showing that inhibition of AMPK activity by compound C or overexpression of dominant
negative AMPK completely inhibits autophagy lead to the conclusion that AMPK functions
as an upstream activator of autophagy in mammalian cells (20). Further study identified the
ATG1/ULK1 as an AMPK substrate. Indeed, AMPK directly interacts and phosphorylates
ATG1/ULK1, leading to ATG1/ULK1 activation. As a result, downstream signaling of
autophagy is activated (19). These findings raise the question of whether autophagy
mediates some of the metabolic functions of AMPK in response to physical activity.

The study led by Liu and colleagues investigated the role of AMPK in the signaling
mechanism underlying the effects of exercise on muscle autophagy and insulin sensitivity
(21). The authors demonstrated that a single-bout exercise is sufficient to initiate autophagy
in skeletal muscles and this was highly associated with AMPK activation. By studying
muscle-specific AMPK alpha2 deficient mice, the authors also found that deficiency of
AMPK alpha2 impaired stimulation of autophagy in skeletal muscle during physical
exercise, suggesting that AMPK activation is necessary for exercise-induced autophagic
response in skeletal muscle. Furthermore, the current study revealed that activation of
autophagy increased glucose uptake in C2C12 myotubes whereas inhibition of autophagy
suppressed it. On the basis of these findings, the authors concluded that 1. AMPK alpha 2
mediates exercise’s effects to stimulate muscle autophagy and that muscle autophagy is
involved in the regulation of glucose metabolism and insulin sensitivity in insulin-target
cells/tissues. These observations are in agreement with a previous report by He and
colleagues, showing that muscle autophagy contributes to the beneficial metabolic effect of
exercise (22). He at al. found that autophagy, induced by exercise, involves disruption of the
BCL2-beclin-1 complex, an important mediator of autophagy signaling. They created a
knock-in mouse carrying mutations in the BCL2 phosphorylation sites, which prevent
stimulus-induced disruption of the BCL2-beclin-1 complex. It is thus hypothesized that the
ability of exercise to induce autophagy is impaired in metabolically active organs such as
skeletal muscle. As expected, they found that long-term exercise failed to overcome high-fat
diet-induced glucose intolerance in in the BCL2 mutant mice, further highlighting an
essential role for autophagy in the beneficial metabolic effect of exercise in insulin-resistant
state.

The fact that activation of AMPK mediates exercise-induced autophagy and insulin
sensitivity brings into question whether other modulators such as Sestrins are involved in the
regulation of AMPK activation. Sestrins, a family of evolutionarily conserved stress-
inducible proteins with anti-oxidant properties, were initially identified by screening for new
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p53 activated genes (23). Emerging data from several laboratories suggested a new role for
Sestrins in the activation of the AMPK pathway, although the mechanism involved is
unclear yet. Interestingly, Sestrins also suppressed the mTOR signaling cascade through
AMPK dependent (24) or independent pathway (25). In response to metabolic stresses,
including nutrient depletion, Sestrins were found to promote autophagy in mammalian cells
(26). In fact, according to Liu et al, Sestrins is involved in the regulatory mechanism
underlying exercise-induced AMPK activity in skeletal muscle (18). Support for this comes
from the findings that exercise leads to a significant increase in the expression of Sestrins
and the physical interaction between Sestrins and AMPK in skeletal muscles. These
observations propose a new hypothesis that Sestrins are novel mediators of exercise-induced
autophagy signaling in muscle, which is highly linked with insulin sensitivity. Overall, Liu
et al integrate exercise, muscle AMPK activation, autophagy and insulin-action into a
unified signaling pathway, exercise—AMPK/Sestrins—autophagy—insulin sensitivity
(Figure 1).
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Highlights
Exercise increases the kinase activity of AMPK in skeletal muscle.
Exercise induces the expression of Sestrins in skeletal muscle.

The molecular interaction between APMK and Sestrins is increased by physical
exercise.

AMPK activation is necessary for exercise-induced autophagic response in
skeletal muscle.

A new signaling pathway, exercise—AMPK/Sestrins—autophagy—insulin
sensitivity, is proposed.
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The current study raises a number of unanswered questions in the context of AMPK
biology, in conjunction with physical exercise.

Outstanding questions;

1.

Does autophagy require AMPK-induced glucose uptake and exercise-induced
insulin sensitivity?

What are the molecular mechanisms by which AMPK or Sestrins regulates
autophagy?

What are the mechanisms underlying the autophagy-induced insulin sensitivity?
Which proximal components of autophagy signaling are involved in this
regulation?

Does exercise-induced interaction between Sestrins and AMPK regulate
autophagy activation?

Does the AMPK/Sestrine complex affect specificity of AMPK-dependent
phosphorylation that controls autophagy signaling during physical exercise?
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Figure 1. A potential mechanism by which exercise increases insulin sensitivity via the AMPK/
Sestrin-autophagy signaling pathway
Exercise stimulates the kinase activity of AMPK and the expression of Sestrins in muscle,

leading to increased molecular interaction between Sestrins and AMPK. Subsequently,
AMPK rapidly stimulates ULK1/Atg1 activation either by suppressing mTOR signaling
which results in dis-inhibition of ULK1/Atg1, or by phosphorylating ULK1/Atg1 directly.
AMPK-mediated activation of ULK1/Atg1l induces autophagy via yet unidentified
mechanisms. As a result, muscle insulin sensitivity is increased.
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