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Abstract. Muscle contraction requires glucose as its main fuel. Glucose enters the muscle
cells through diffusion facilitated by GLUT-4. GLUT-4 must be translocated from
intracellular to the plasma membrane and T tubules during muscle contraction. This
literature review will discuss how physical exercise can signal GLUT-4 translocation for
glucose uptake. Molecular signals induced by physical exercise are very complex and
involve various molecules, one of which is AMPK and intracellular Ca concentration.
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1 Introduction

Skeletal muscle consists of 45% of body mass and has a high metabolism. Skeletal muscle is the
main place for post prandial glucose storage. About 90% of insulin-stimulated glucose uptake
occurs in the tissue (1). Therefore, skeletal muscle plays an important role in glucose

homeostasis (2), (3).

Muscle contractions during physical exercise can also stimulate glucose uptake through
different mechanisms than insulin (4). With sophisticated technology, it is well known that
physical exercise can trigger various molecular changes that mediate an increase in glucose

uptake (5).

The uptake of glucose by contracting muscles occurs through facilitated diffusion, which
depends on the availability of GLUT-4 in the plasma membrane (6). In the basal state (no
insulin stimulus), most of GLUT-4 is stored in intracellular vesicles in a state of idle, waiting
for a signal to recruit them (5). Therefore, in the basal state, insulin is important for glucose
uptake in muscles (7). During muscle contraction, the amount of circulating insulin does not

change, and in certain situations actually decreased (6). Muscle contractions increase glucose
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uptake through different mechanisms than insulin. In addition, the use of glucose taken from the
blood also differs between responses to physical exercise and insulin. Muscles that contract will

oxidize glucose, whereas insulin will store glucose (8).

The insulin pathway includes receptors that catalyze the phosphorylation of insulin receptor
substrate 1 (IRS 1) followed by activation of phosphatidylinositol 3-kinase, whereas in the
contraction pathway there is no activation of these proteins (9). But these two pathways will be
partially fused to the distal part, and there are two signaling molecules that affect GLUT-4
translocation, which are activated by both insulin and muscle contractions, namely Tre2-Bub2-
Cdc16 domain family member 4 (TBC1D4) and Tre2-Bub2-Cdcl6 domain family member
I(TBC1IDI1) and Racl. Therefore, muscle contraction and insulin work synergistically in
providing a signal for GLUT-4 translocation to plasma membranes and T tubules, thereby

increasing glucose uptake by cells (6).

In recent years, there have been many studies on signaling mechanisms that regulate glucose
uptake induced by physical exercise. Muscle contraction induces glucose uptake through two
different mechanisms. First, an increase in the AMP/ATP ratio during physical exercise and
S'AMP-activated protein kinase activation (AMPK), Second, calcium acts as a second
messenger, triggering glucose uptake (10), (11). This literature review will discuss both of
these mechanisms which can translocate GLUT-4 into the plasma membrane due to physical

exercise.

2 GLUT-4 Traffic

GLUT-4 is one of the 14 members of the GLUT family, a transporter that facilitates hexose to
pass through the membrane. Each member has a different affinity and specificity for a particular
hexose, and has a unique network distribution (12). GLUT-4 has a high affinity for glucose and
is mostly expressed in skeletal muscle and adipose. In the absence of insulin, the majority of
GLUT-4 is retained in the intracellular vesicle structure by the recycling pathway that maintains
GLUT-4 in the intracellular compartment (13), (14). Inside the cell, these vesicles are between
the endosomes, in the trans Golgi network, and in the tubulovesicular structure. In the absence
of insulin, only 5% of the total transporters are found on the cell surface (15), (16). Failure to
translocate GLUT-4 into the plasma membrane in response to insulin is an early stage in the

development of insulin resistance and type 2 diabetes (17).

The amount of GLUT-4 in sarcolemma and in the T tubules is regulated by the relative
efficiency of the two processes, endocytosis and exocytosis of vesicles containing GLUT-4 (6).
Insulin increases the amount of GLUT-4 in the plasma membrane through increased exocytosis
(18), while muscle contraction (which activates AMPK) not only increases exosotosis but also
decreases the rate of GLUT-4 endocytosis (19). This explains the additives effects of physical

exercise on glucose uptake by insulin (20), (9).
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In addition, there appear to be two intracellular GLUT-4 pools, one recruited mainly by insulin
and the other through contraction (21). The contraction pool is different from the insulin
responsive pool by consisting of its main structure, positive transferrin receptors. The existence
of these two pools seems to be another reason for the discovery that insulin and contraction have

an additive effect on glucose transport in rat muscle (20).

3 Signal Inducing GLUT-4 Translocation

3.1 5’AMP-activated protein kinase

5’AMP-activated protein kinase (AMPK) is a heterotrimeric protein kinase afy expressed on
every eukaryotic cell. o subunits are catalytic subunits, whereas B and y subunits are regulatory
regulator subunits which are responsible for kinase activity, enzyme stability and localization. In
mammals, AMPK is encoded by two alternative subunits a (al and a2), two alternative subunits
B (B1 and B2), and three alternative subunits y (y1, y2, y3), which can form up to 12 different of§
isoforms (22), (23). In mammals, all subunits are needed to be stable complexes and full

activation of enzymes (24).

AMPK is the main energy sensor and regulator of energy homeostasis in eukaryotes. AMPK is
activated by energy stress in response to increased ATP consumption (eg exercise, cell
proliferation, anabolism) or decreased ATP production (low glucose levels, oxidative stress,

hypoxia), which is rated as a low ratio of ATP to AMP and ADP (25).

During physical exercise, skeletal muscle is able to increase the turnover of ATP by more than
100 times to provide energy for contracting muscles (26). In this situation, the number of ADPs
and AMPs increases rapidly and ATPs will slightly decrease. This will activate AMPK and after
activation, AMPK stimulates energy formation processes such as glucose uptake and fatty acid
oxidation, and reduces energy use processes such as protein synthesis and lipids. Physical
exercise is the most powerful physiological activator to AMPK (27), (28). There are more than
60 direct targets of AMPK phosphorylation (22). When the physiological concentration of ATP
has been reached, AMPK becomes inactive (29).

The mechanism of AMPK activation that is clearly known is through phosphorylation of T172
in the a subunit and by binding AMP and / or ADP to the subunit y. Phosphorylation is the most
potent AMPK activator because it can increase AMPK activity by more than 100 times.
Phosphorylation of T172 in the a subunit is activated by three upstream kinases namely liver
kinase B (LKB1), calcium- / calmodulin-depedent kinase kinase 2 (CaMKK?2), and TGFp-
activated kinase 1 (TAK1) (30). But LKB1 seems to be the main regulator in the skeletal muscle
of rat (31).

Skeletal muscle expresses seven isoforms at the mRNA level, but studies using isoform-specific

immunoprescipitation show that AMPK activity in these tissues is only done in combination:
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alPB2yl, a2p2yl, and 02B2y3 (31), (22). The a2p2y3 complex is the only AMPK complex that is

activated by contractions in the human skeletal muscle. This complex is able to detect changes

in AMP: ATP ratio due to increased ATP turnover by myosin ATPase, not as a result of
inhibition of mitochondrial ATP synthesis (22), (32).

How AMPK stimulates GLUT-4 translocation becomes very interesting both in biochemical
and genetic terms. The translocation and fusion of GLUT-4 vesicles to the plasma membrane is
under the control of the active Rab G protein (GTP-bound state). In the basal state, the Rab G
protein is deactivated (GDP-bound state) by the enzymes of the RabGTPase group, such as
TBCI1DI1 and TBC1D4 (also known as AS160) which are associated with storage of GLUT-4
vesicles. AMPK can phosphorylate TBC1D1 and TBC1D4, but during contraction there is a
strong correlation between TBCI1D1 phosphorylation and 14-3-3 bonds (a protein that is
thought to play a role in the regulation of TBC1D1 GAP junction after phosphorylation). Active
TBCIDI1 and TBC1D4 make bonds with protein 14-3-3 and convert Rab protein from inactive
form to active form. Thus inducing translocation and fusion of GLUT-4 vesicles with the

plasma membrane (33), (28), (30) (34) (Figure 1).

emgny-L

Figure 1. Regulation of glucose uptake during muscle contraction (28).
The energy requirement for contraction increases the AMP / ATP ratio, thereby stimulating AMPK.
TBCI1D1 and TBC1D4 are involved in regulating glucose uptake in response to contraction; however,
TBCIDI plays a more important role. AMPK can phosphorylate TBC1D1 and TBC1D4, causing
translocation of GLUT4 to the plasma membrane and uptake of glucose. AK, adenylate kinase, an
enzyme required for the formation of AMP (28).

In individuals with insulin resistance, insulin kinase B protein activation is impaired, but the
mechanism of contraction stimulates glucose uptake through AMPK not impaired (29). In
addition, AMPK can also phosphorylate the IRS on Ser789 so that it stimulates PI3K / Akt to

increase AS160 in bonding with 14-3-3. This shows that exercise can increase insulin sensitivity
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in diabetic patients and is the reason why regular exercise is especially good for these subjects

(33).

3.2 Intracellular Ca Concentration

Ca plays an important role in intracellular signals (35). Ca signals in skeletal muscle mediate
various physiological processes, including muscle contraction and cell metabolism (36), (37).
Because of its contribution to glucose uptake, calcium ions have become a concern in recent
decades (5). Ca release from sarcoplasmic reticulum can increase cellular energy requirements
and ATP consumption. This activates AMPK and triggers the GLUT-4 translocation process
even though muscle contraction does not occur. This shows that the influence of Ca on glucose
uptake through an indirect mechanism, through AMPK activation (36). In addition, calcium /
calmodulin-dependent protein kinase kinase (CaMKK), especially CaMKKp can phosphorylate
AMPK. It is hypothesized that Ca through the activation of CaMKK in muscles can increase
glucose uptake through AMPK activation, independent of energy turnover (38), (39).

Calcium can also increase glucose uptake by activating molecules that are sensitive to calcium
signaling, such as calcium-calmodulin-dependent protein kinase (CaMK). The most expressed
in human muscles are CaMKII and CaMKIII. Research with a CaMKKII inhibitor, KN-93, has
been found to reduce glucose transport in rat skeletal muscle in response to decreased
contractions (37). Incubation with KN-93 also significantly inhibits CaMKII phosphorylation
that is induced physical exercise in the absence of AMPK inhibition. This shows that CaMK
regulates glucose uptake independently of AMPK signals (37), (36).

In conclusion, although the release of Ca from the sarcoplasmic reticulum due to depolarization
in response to contractions does not seem to regulate glucose transport directly, but some
evidence suggests that other Ca sources, such as Ca-sensitive proteins can play a role in

regulating glucose transport during contractions (40).

4  Downstream Insulin and Physical Exercise Targets

The downstream signaling pathway for insulin and physical exercise will converge on several
molecules including TBC1D4 and TBC1D1 (41). TBC1D1 and TBC1D4 have a similarity of up
to 47%. TBC1D4 is phosphorylated in six different phospho-Akt-substrate (PAS) sites in
response to insulin and physical exercise in skeletal muscle (42). TBCIDI1 can regulate the
uptake of glucose stimulated by insulin through the independent mechanism for PAS. Insulin

and physical exercise phosphorylate TBC1D1 in different places (43), (44).

The link between TBC1D4 and TBC1D1 with GLUT-4 translocation requires Rab protein. Rab
Protein is a member of the Ras small GTPase family (45). This protein plays a role in the

process of membrane traffic and the active Rab protein will recruit various effectors involved in
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vesicle budding, tethering, and fusion, one of which is in the GLUT-4 translocation process (6),

(45).
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