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nsulin triggers glucose uptake into
muscle and adipose tissue by stimulating the translocation of the glucose transporter GLUT4 from intracellular vesicles
to the plasma membrane (PM). Insulin
leads to a rapid increase in GLUT4 at the
PM from ∼5% to 40–50%. This effect
is time and dose-dependent, reaching a
new steady state after 30 min of insulin
stimulation. Previous kinetic analyses in
adipocytes has revealed that this is regulated by two mechanisms—increasing
the amount of GLUT4 in the endosomal
recycling system and increasing the exocytosis rate constant. Fazakerley et al.1
focuses on GLUT4 kinetics in the L6
skeletal muscle cell line. Despite displaying a similar redistribution of GLUT4
to the cell surface with insulin to that
seen in adipocytes, the mechanism for
this effect in L6 cells was completely
different. Insulin had a modest effect
to increase the amount of GLUT4 in
the recycling system with the dominant
effect being on reduction of the endocytosis rate constant. Similar findings were
observed with AMPK agonists. These
studies indicate that different cell types
are capable of achieving the same cell
biological endpoint but using completely
distinct mechanisms.
Kinetic Analysis of GLUT4
Trafficking in Fat
GLUT4 translocated to the PM is not
retained there, but rather continuously
recycles between intracellular recycling
compartment(s) and the cell surface. At
steady state the amount of GLUT4 at the
PM, as well as that in the intracellular pool,
does not change. Therefore the amount of
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GLUT4 that is internalised is equivalent to
the amount of GLUT4 that is exocytosed.
This equilibrium can be simply portrayed
by the mathematical equation E·kex = P·kin,
where E is the total amount of GLUT4 in
the internal recycling compartment(s), P
is the amount of GLUT4 at PM and kex
and kin are the overall rate constants for all
exocytosis and endocytosis, respectively.
Hence, by studying the system under
steady state conditions, where all parameters are constants, it is possible to simplify
the kinetic analysis of this process. In this
analysis only the overall rate constants for
GLUT4 exocytosis or endocytosis are considered. It is possible, and likely, that these
rate constants comprise more than one
process. For example, kex maybe a combination of the rate constants for transport
of GLUT4 from both the endosomal recycling compartment and the GLUT4 storage compartment.
Initial studies of this process in
adipocytes,2-5 suggested that the insulindependent increase in GLUT4 at the
PM was mediated by changing the rate
constants that define either exocytosis or
endocytosis. The limitation with these
studies is that they made the assumption
that the total cellular pool of GLUT4
recycles to the PM in the absence and
presence of insulin. This assumption was
necessary because these early studies relied
on the use of photo-activatable glucose
analogues to label a pulse of GLUT4 at the
PM. Using this method, it was not technically practical to continuously monitor
the extend of emptying of the recycling
pool because it was not feasible to accurately measure changes over the long time
courses that would have been necessary.
Thus measurement of the proportion of
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the total cellular pool of GLUT4 that is
actively engaged in cell surface recycling
(here referred to as the GLUT4 recycling
pool) was not made using this method.
This problem has been overcome with
the implementation of engineered GLUT4
molecules possessing epitope tags in accessible extracellular positions.6,7 Incubation
of adipocytes, expressing tagged GLUT4,
with saturating concentrations of antibody at 37°C permitted tagging of all
GLUT4 molecules in the recycling pool
at steady state. Surprisingly, these studies revealed that the size of the recycling
pool could be substantially enhanced by
insulin.8,9 This introduced another possible mechanism by which insulin might
modify cell surface levels of GLUT4, independently of changes in the rate constants
for GLUT4 exocytosis and endocytosis.
This work led to a model whereby in the
absence of insulin a large pool of GLUT4
resides in a storage compartment that is
static and segregated from the recycling
compartment.10 Insulin dose-dependently
releases a substantial amount of GLUT4
into the recycling pool concomitant with
a modest increase in the GLUT4 exocytosis rate. Similar studies by McGraw and
colleagues11,12 have not reported intracellular retention of GLUT4, possibly due to
technical differences.9
Kinetic Analysis of GLUT4
Trafficking in Muscle
In mammals, muscle plays the dominant
role in whole body glucose disposal. In this
tissue insulin and exercise lead to GLUT4
translocation. Whereas insulin stimulates
GLUT4 translocation via the PI3K/Akt
pathway, exercise acts through a different pathway(s), involving, at least in part,
stress kinases such as AMPK. Analyses of
GLUT4 trafficking in muscle has been
difficult due to the complex nature of this
tissue and the paucity of muscle cell lines
that recapitulate the characteristics of the
tissue in vivo. Pioneering work by the
Klip lab has shown that the L6 cell line
is highly insulin responsive and these cells
represent the best skeletal muscle model
system in the field.13 GLUT4 translocates
to the PM in response to both, insulin and
AMPK agonists in these cells.14,15 Hence,
it was of considerable interest to determine
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the kinetics of GLUT4 trafficking in these
cells in response to these different stimuli.
Kinetic Analysis of GLUT4
Trafficking in L6 Myotubes
In Fazakerley et al.1 the trafficking kinetics of HA-tagged GLUT4 was analysed
in L6 myotubes in response to insulin or
AMPK agonists. These studies revealed
that in muscle cells, like adipocytes, the
overall recycling pool size was increased
in response to stimulation. However, the
amount of GLUT4 in the recycling pool
in the absence of stimulation was much
higher in L6 myotubes (61%) than in
adipocytes (10–20%), as was the GLUT4
exocytosis rate constant (kex = 0.06 min-1
vs. ∼0.01 min-1, respectively).8-10 To offset
this marked increase in GLUT4 flux to
the PM in the absence of insulin, L6 myotubes have a much more efficient retrieval
of GLUT4 from the PM compared to adipocytes (kin = 0.43 min-1 vs. ∼0.07 min-1,
respectively) in order to maintain low
basal PM levels of GLUT4. This raises the
interesting possibility that GLUT4 internalisation may be regulated via discrete
pathways in these different cell types.16,17
The kinetics of GLUT4 trafficking in L6
myotubes under basal conditions poses
an interesting problem for the cell. Given
the high flux of GLUT4 to the PM in the
basal state, how does this cell type affect
changes in PM levels of GLUT4 comparable to those seen in the adipocyte in
response to stimulation?
Fazakerley et al.1 observed two major
effects of insulin on GLUT4 trafficking
kinetics in L6 myotubes that facilitated
a similar increase in GLUT4 at the PM.
The first was an increase in the amount of
GLUT4 in the recycling pool from 61%
to 75% with insulin stimulation. AMPK
agonists had a similar effect on their own
(77%) but in combination with insulin
the increase in the amount of GLUT4 in
the recycling pool was additive (88%).
This suggests that L6 myotubes may contain two discrete static pools of GLUT4
that can be accessed (or released) by
these different stimuli.18 This differential
intracellular segregation of GLUT4 may
be the mechanism, which allows muscle
cells to respond to different physiological
conditions. The additivity observed with
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insulin and AMPK agonists also necessitates distinct regulatory mechanisms
consistent with the recent suggestion that
two related RabGAPs, TBC1D4 and
TBC1D1 regulate a later step of GLUT4
translocation in response to insulin and
exercise, respectively.19,20 It will be of interest to analyse whether there are two pools
of GLUT4 vesicles that selectively contain
TBC1D4 or TBC1D1 in muscle tissue,
one responsive to insulin and the other
responsive to energy depletion and AMPK
activation.
The second major finding in Fazakerley
et al.1 is that the GLUT4 endocytosis rate
constant is a major regulatory node in that
it was reduced by 50% in response to all
stimuli. There was no additivity between
insulin and AMPK agonists in reducing
GLUT4 endocytosis, suggesting that they
slow endocytosis by the same mechanism.
There have also been some studies that
have described inhibitory effects of insulin on GLUT4 endocytosis in adipocytes
suggesting that this may be a conserved
mechanism.2,5,12,21 However, the details of
this mechanism are not known and it may
be that L6 myotubes will provide an ideal
model system with which to interrogate
the regulation of GLUT4 internalisation.
Perhaps the most extraordinary aspect of
these observations is that the underlying
kinetics of GLUT4 recycling varies quite
significantly between adipocytes and L6
myotubes. Despite this, both cell lines
achieve a similar transient modulation of
cell surface levels of GLUT4 in response to
stimuli such as insulin and do so via completely different mechanisms.
L6 Myotubes: A Muscle Cell Line
to Study GLUT4 Trafficking
It will be of fundamental interest to determine if the regulatory mechanisms for
GLUT4 trafficking described here in L6
myotubes are conserved in vivo in skeletal muscle. One major difference is that
the level of the GLUT4 protein is much
higher in skeletal muscle than in L6 cells.
This has also been reported for other
muscle cell lines such as C2C12 cells.22,23
While the reason for this is not known, it
is notable that the expression of GLUT4
in muscle is tightly regulated by neural innervation. Denervation of skeletal
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muscle leads to a dramatic loss of GLUT4
protein expression24 and possibly of other
factors that modulate GLUT4 trafficking,
within days. Regardless, it is clear that L6
myotubes recapitulate some of the physiological characteristics of skeletal muscle
tissue, and represent a good skeletal muscle cell line model.
Reflections
As is often the case in biological research,
the data reported in Fazakerley et al.1 may be
in conflict with some previously published
data. One of the distinguishing features of
Fazakerley et al. is the rigorous nature of
the kinetic analysis. Ultimately, all kinetic
studies rely on curve fitting from which
the kinetic parameters are derived. Many
studies do not report on the accuracy of
the kinetic parameters associated with fitting. The derived kinetic parameters can
be dramatically influenced not just by the
quality of the data but also by the acquisition of sufficient data at key points along
the curve to prevent biased or constrained
curve fitting. In Fazakerley et al.1 the size
of the GLUT4 recycling pool was not
assumed but rather experimentally determined. The fits were very accurate due to
the number of data points included over a
long time course, which is reflected by the
low standard errors (determined from the
95% confidence intervals) of the derived
kinetic parameters. The endocytosis rate
constant kin is inferred from the kinetic
parameters, determined by an antibody
uptake experiment, with the equation kin
= E·kex/P. In Fazakerley et al.1 kin was additionally confirmed by direct measurement
of GLUT4 internalisation.
However the issue of the appropriateness of the model when fitting has not
been completely solved. The equations
used by Fazakerley et al.1 assume single
exponents are associated with the release
of GLUT4 from the recycling pool and
its refilling. It is more likely that double
exponents feature in the combined movements of GLUT4 between the PM and
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two intracellular pools. Kinetic methods
are needed that can separate out the rates
of release and refilling of the specialised
GLUT4 pool from those associated with
GLUT4 docking, fusion and reinternalisation at the PM.
The questions that remain are: How
do L6 myotubes achieve additivity in
response to a combination of stimuli?
How does insulin stimulation decrease the
endocytosis rate constant? Which kinetic
parameters are affected in insulin resistant
cells? How do L6 cells compare to real
muscle? This final question will be a major
challenge.
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