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Exercise promotes glucose clearance by increasing
skeletal muscle GLUT4-mediated glucose uptake. Im-
portantly, exercise upregulates muscle GLUT4 expres-
sion in an insulin-independent manner under conditions
of insulin resistance, such as with type 2 diabetes. How-
ever, the insulin-independent mechanism responsible for
rescued muscle GLUT4 expression is poorly understood.
We used voluntary wheel running (VWR) in mice to test the
prevailing hypothesis that insulin-independent upregulation
of skeletal muscle GLUT4 protein expression with ex-
ercise is through increased Glut4 transcription. We
demonstrate that 4 weeks of VWR exercise in obese mice
rescued high-fat diet-induced decreased muscle GLUT4
protein and improved both fasting plasma insulin and he-
patic triacylglyceride levels, but did not rescue muscle
Glut4 mRNA. Persistent reduction in Glut4 mRNA sug-
gests that a posttranscriptional mechanism regulated
insulin-independent muscle GLUT4 protein expression
in response to exercise in lean and obese mice. Reduc-
tion of GLUT4 protein in sedentary animals upon treatment
with rapamycin revealed mTORC1-dependent GLUT4 reg-
ulation. However, no difference in GLUT4 protein expression
was observed in VWR-exercised mice treated with either
rapamycin or Torin 1, indicating that exercise-dependent
regulation on GLUT4 was mTOR independent. The find-
ings provide new insight into the mechanisms responsi-
ble for exercise-dependent regulation of GLUT4 in muscle.

Physical activity promotes metabolic health and wellness,
and exercise can help to prevent and treat insulin resistance
and type 2 diabetes. Exercise counteracts insulin resistance in
part by increasing GLUT4-dependent glucose uptake through

increased insulin-independent GLUT4 transporter expression
and translocation of GLUT4 to the cell surface in working
muscle (1-3). Muscle-specific insulin receptor knockout mice
have provided evidence that activity-dependent insulin-
independent activation of GLUT4 translocation can maintain
normal glucose homeostasis (4). We have previously shown
that transgenic overexpression of GLUT4, under the control
of the human GLUT4 promoter, enhances glucose tolerance
in lean and obese mice (5). Taken together, these studies
suggest that increasing GLUT4 expression and function is
an important target for improving glucose tolerance. Because
exercise allows for both increased insulin-independent
GLUT4 expression and GLUT4 translocation, understand-
ing how exercise regulates GLUT4 could be important in
determining how we can target GLUT4 therapeutically.

Previous studies have suggested that exercise increases
GLUT4 protein levels through increased transcription. Sup-
port for a transcriptional mechanism includes data demon-
strating a transient increase in Glut4 transcription after a
single bout of exercise and increased MEF2 factor binding
to the Glut4 promoter (6-8). The majority of studies report-
ed increased GLUT4 protein rather than mRNA levels, and
the few articles that reported increased GLUT4 transcrip-
tion with exercise showed that increased steady-state GLUT4
mRNA is transient (6,7,9-11). Studies on the effects of ex-
ercise on Glut4 transcription under conditions of obesity and
insulin resistance are lacking. The current study suggests
that transcriptional regulation is not the primary mech-
anism for enhanced GLUT4 protein expression in response
to exercise in mice.

Our study demonstrates that 4 weeks of voluntary
wheel running (VWR) in mice is sufficient to reverse some
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effects of high-fat diet (HFD)-induced insulin resistance,
including improved plasma insulin, hepatic triacylglycer-
ide (TAG), and skeletal muscle TAG levels. We found that
VWR exercise increases skeletal muscle GLUT4 protein ex-
pression but not Glut4 transcript levels. From the data,
therefore, we propose that the mechanism for insulin-
independent exercise-induced upregulation of GLUT4
protein in obese mice is posttranscriptional.

RESEARCH DESIGN AND METHODS

Animals and Diet

All procedures were approved by the Institutional Animal
Use and Care Committee at the University of Oklahoma
Health Sciences Center. Adult male C57BL/6 from The
Jackson Laboratory were used. In some experiments,
transgenic mice carried a randomly integrated transgenic
construct of the chloramphenicol acetyltransferase (CAT)
gene driven by 895 base pairs of the human GLUT4
promoter DNA (hG4-895-CAT). These mice were gener-
ated as previously described (12). Mice were fed ad libi-
tum either a regular laboratory chow (regular diet [RD])
(13.1% kcal from fat; LabDiet #5053) or an HFD (60% kcal
from fat, D12492; Research Diets) for 8 weeks before VWR
exercise and through the exercise period. Mice were given
free access to water throughout the experimental period.

Exercise Protocol

Cages were equipped with running wheels 2-3 days before
recording distance measurements for mice designated for
VWR. Running distance was calculated from weekly wheel
revolutions for a 4-week duration and were recorded by
electronic monitors. Wheels were taken away 16 h before
tissue harvest to allow for exercise recovery.

Blood and Plasma Assays

All mice were fasted 16 h before collection of blood from
tail veins of conscious mice. Blood was collected in tubes
containing EDTA. Fasting blood glucose levels were
measured with a TRUEtrack glucometer. Fasting plasma
insulin concentrations were determined by Crystal Chem
ELISA for mouse insulin.

Insulin Sensitivity Index

The insulin sensitivity index was calculated by multiplying
fasting plasma glucose (mmol/L) and fasting plasma insulin
(ng/mlL). This calculation is analogous to the HOMA insulin
resistance score for rodents but does not use the denomina-
tor constant as a correction factor, which is applicable
to humans (13).

Glucose Tolerance Test

After a 6-h fast, mice were given glucose 2 mg/kg i.p., and
tail vein blood glucose was measured with a TRUEtrack
glucometer. Blood glucose was measured at 0.25, 0.5, 1,
1.5, 2, and 3 h after injection.

TAG and Glycogen Measurements

Lipids were extracted from liver and quadriceps muscle tis-
sues by the Folch method (14). Lipids were resuspended
in 0.1% Triton X-100, and TAGs were determined by
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colorimetric TAG determination kit (Sigma). True TAGs
were calculated according to a standard curve and the
manufacturer’s instructions. Liver and quadriceps mus-
cle glycogen were determined by using the anthrone
method (15). Tissue glycogen was calculated on the ba-
sis of a standard curve and correction factor of 0.9 for
glycogen:glucose conversion.

Protein Analysis

Total tissue extracts from mouse quadriceps muscle were
prepared using a lysis buffer containing 20 mmol/L HEPES
(pH 7.4), 1% NP-40 (nonylphenoxypolyethoxylethanol),
2 mmol/L EDTA, 10 mmol/L sodium fluoride, 10 mmol/L
sodium pyrophosphate, 1 mmol/L sodium orthovanadate,
1 mmol/L molybdate, protease inhibitor cocktail (cOmplete,
Mini, EDTA-free Protease Inhibitor Cocktail; Roche), and
1 mmol/L phenylmethylsulfonyl fluoride. Protein concen-
trations were determined by a Pierce Coomassie (Bradford)
Protein Assay Kit (Thermo Fisher Scientific). Denatured
samples were fractionated by SDS-PAGE and transferred to
polyvinylidene fluoride membranes (Millipore). Membranes
were stained with anti-GLUT4 (C-20 goat polyclonal; Santa
Cruz Biotechnology), anti-o/B-tubulin (#2148; Cell Signal-
ing), antiphospho 4E-BP1 T37/46 (#2855; Cell Signaling),
and antiphospho p70 S6 kinase (S6K) T389 (#9234; Cell
Signaling). Membranes were visualized using the appro-
priate Alexa Fluor 680-conjugated secondary antibody
and quantified with an Odyssey imaging system (LI-COR
Biosciences).

RNA Extraction and Quantitative Real-Time PCR
Quadriceps muscle tissues were collected 16 h after re-
moving the running wheels. The tissues were snap frozen
in liquid nitrogen and stored at —80°C until tissue prep-
aration. Total RNA was isolated using guanidinium iso-
thiocyanate extraction followed by CsCl purification, and
samples were stored at —20°C as ethanol precipitates as
described previously (16). Real-time quantitative RT-PCR
(gRT-PCR) analysis was performed by using the following
primers: mouse Glut4, 5 -AAAAGTGCCTGAAACCAGAG-3’
(forward), 5'-TCACCTCCTGCTCTAAAAGG-3' (reverse);
CAT, 5'-TCCGGCAGTTTCTACACATA-3' (forward), 5'-TGG
CTGAGACGAAAAACATA-3' (reverse); mouse 36B4, 5'-CT
GAGTGATGTGCAGCTGAT-3’ (forward), 5'-AGAAGGGGG
AGATGTTCAG-3’ (reverse); and mouse actin, 5'-CCTCAC
TGACTACCTGATGA-3' (forward), 5'-AGCTCATAGCTCTTC
TCCAG- 3’ (reverse). All qRT-PCRs were run by using a
CFX96 real-time PCR detection system thermal cycler
(Bio-Rad).

mTOR Inhibitor Treatments

Sedentary and exercised animals were given intraperito-
neal injections of either 2.4 mg/kg body weight of
rapamycin or vehicle solution every other day for 4 weeks
during the VWR exercise as described previously (17).
Mice in the Torin 1 study were given intraperitoneal in-
jections of either 5 mg/kg Torin 1 or vehicle treatment
every day of the running period (18). Rapamycin and
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Torin 1 treatments were prepared in a vehicle PBS solu-
tion containing 5% polyethylene glycol 400/5% Tween
80 as described previously (17). Weights were determined
before each injection to obtain corresponding dosages for
both rapamycin and Torin 1 injections.

Statistical Analysis

Data are expressed as the mean = SEM. Comparisons
among groups were performed using two-way ANOVA
and/or Student t test where appropriate.

RESULTS

Four Weeks of VWR Exercise Does Not Reduce
Adiposity in HFD-Fed Mice

Lean mice fed RD or obese mice fed HFD for 8 weeks were
randomly assigned to cages with or without running wheels.
For the next 4 weeks, mice were allowed free access to food,
water, and running wheels. VWR exercise had no effect on
total body weight in lean mice (Fig. 1A). HFD feeding
resulted in a predictable increase in body weight. At the
end of exercise, VWR mice on HFD had maintained their
increased body weight. The electronic wheel monitors con-
firmed that mice on HFD ran an average distance that was
not significantly different from RD mice (Fig. 1B). Further-
more, the distance and variability in total running distance
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Figure 1—Four weeks of VWR exercise has no effect on total body
weight, adiposity, or hypertrophy in lean or obese mice. A: Average
total body weight at end of study. B: Total accumulated running
distance throughout the VWR exercise regimen. C-F: eWAT, liver,
heart, and right-side quadriceps skeletal muscle weight on termi-
nation of the study. n = 6-19 animals/group. Data are mean = SEM.
*P < 0.05, diet effect; 1P < 0.05, VWR effect. QUAD, quadriceps;
SED, sedentary.

Gurley, Griesel, and Olson 2913

was comparable with that of previous wheel running studies
for rodents (19-21).

To assess the effects of VWR exercise on visceral
adiposity, we analyzed epididymal white adipose tissues
(eWATs) by observing changes in total eWAT weight. HFD
feeding increased total eWAT weight compared with mice
fed RD (Fig. 1C). VWR did not decrease eWAT mass in
mice fed either diet. HFD also increased liver weight by
~30% (Fig. 1D). Of note, VWR also resulted in larger
livers; however, the effect was not as pronounced as
with HFD feeding. To evaluate whether our mode and
duration of VWR exercise had an effect on muscle hyper-
trophy, we measured both heart and quadriceps muscle
tissues for animals fed both diets. Similar to other rodent
wheel running exercise studies, VWR exercise in our ani-
mals did not result in increased heart or quadriceps skel-
etal muscle size, suggesting that no hypertrophy occurs
with 4 weeks of VWR (Fig. 1E and F) (20).

Four Weeks of VWR Exercise Improves Fasting Plasma
Insulin and Glucose Tolerance

HFD feeding promotes insulin resistance in rodents. To
assess the effects of VWR exercise on HFD-induced hyper-
glycemia and hyperinsulinemia, we measured both fasting
plasma glucose and insulin levels. HFD feeding, as expected,
increased fasting plasma glucose (Fig. 24). HFD also in-
creased fasting plasma insulin levels in sedentary animals
by more than fourfold (Fig. 2B). VWR exercise alone did
not affect blood glucose levels for mice fed either diet com-
pared with their sedentary counterparts. VWR exercise did,
however, greatly improve fasting plasma insulin in HFD mice
but did not rescue insulin levels of obese animals to the level
of lean controls. VWR exercise had no effect on insulin levels
in RD mice.

To provide a measure of overall insulin sensitivity, we
calculated an insulin sensitivity index. Sedentary HFD
mice had an index value approximately eight times higher
than sedentary RD mice. VWR exercise reduced the insulin
sensitivity index value by one-half, suggesting improved
insulin sensitivity (Fig. 2C). VWR exercise did not affect the
insulin sensitivity index for RD mice.

Because the decreased insulin level due to VWR in HED
mice could reflect changes in liver rather than in skeletal
muscle metabolism, we also performed a glucose tolerance
test. We found that 4 weeks of VWR in HFD mice improved
peripheral glucose tolerance as measured by a decrease in
both blood glucose at 1.5-h postintraperitoneal glucose in-
jection and total area under the curve (Fig. 2D and E).

Four Weeks of VWR Exercise Reduces Liver and
Skeletal Muscle TAGs in HFD Mice

To investigate effects of VWR on lipid storage in our
obese mouse model, we measured total TAG levels in liver
and hindlimb skeletal muscle tissues in both RD and HFD
mice. HFD feeding promoted a dramatic fourfold increase
in liver TAGs in sedentary mice (Fig. 34) and increased
skeletal muscle TAGs in sedentary mice (Fig. 3B). VWR
exercise promoted a small, but significant decrease in hepatic
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Figure 2—VWR exercise improves insulin sensitivity index and glucose tolerance in obese mice by decreasing fasting plasma insulin.
Fasting plasma glucose (A) and insulin levels (B) were recorded as mg/dL and pmol/L, respectively. The insulin sensitivity index (C) was
calculated based by multiplying fasting plasma glucose (mmol/L) by fasting insulin (ng/mL) values. Glucose tolerance test is shown in
panels D and E. Data are mean = SEM. *P < 0.05, diet effect; TP < 0.05, VWR effect. AUC, area under the curve; SED, sedentary.

but not muscular TAG levels in RD mice and reduced both
liver and muscle TAGs in HFD mice (Fig. 3A and B). Overall,
the results indicate that 4 weeks of VWR exercise in obese
mice caused a dramatic reduction in the level of hepatic TAG
and was sufficient to return skeletal muscle TAG levels to
that of lean littermate controls.

HFD Prevents Skeletal Muscle Glycogen Repletion
During VWR Exercise Recovery

To examine the effects of HFD feeding and VWR on hepatic
and skeletal muscle carbohydrate storage, we measured
glycogen content in these tissues 16 h after wheels were
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Figure 3—VWR exercise improves hepatic and muscle TAG levels
and promotes hepatic but not skeletal muscle glycogen repletion
during exercise recovery. Liver (A) and hindlimb (B) skeletal muscle
TAG. Liver (C) and hindlimb (D) skeletal muscle glycogen content.
n = 5 animals/group. Data are mean += SEM. *P < 0.05, diet effect;
TP < 0.05, VWR effect. SED, sedentary.

removed. Whereas HFD feeding alone did not affect liver or
muscle glycogen levels, VWR increased hepatic glycogen
content in both RD and HFD animals (Fig. 3C). Glycogen
content in skeletal muscle tissue of RD mice increased 38%
after VWR exercise (Fig. 3D). Of note, VWR did not in-
crease glycogen levels in skeletal muscle of HFD animals
(Fig. 3D). These data suggest that VWR exercise increases
hepatic and skeletal muscle glycogen stores in RD mice as
well as hepatic glycogen in obese HFD mice, whereas VWR
does not increase glycogen in skeletal musdle tissue of HFD
animals in response to VWR exercise.

Four Weeks of VWR Exercise Upregulates GLUT4
Protein Expression Posttranscriptionally

To test the hypothesis that exercise-mediated increases
in skeletal muscle GLUT4 protein in obese mice occurs
through increased Glut4 transcription, we measured
steady-state levels for both GLUT4 protein and mRNA
in quadriceps skeletal muscle for sedentary and VWR
RD and HFD mice. HFD feeding decreased GLUT4 protein
in both sedentary and VWR mice compared with their RD
controls (Fig. 4A). In both RD and HFD mice, VWR sig-
nificantly increased GLUT4 protein compared with the
sedentary state. The increase in GLUT4 protein expres-
sion in obese animals due to VWR exercise was sufficient
to restore GLUT4 protein to the level of sedentary RD
controls. HFD feeding significantly reduced the level of
Glut4 transcript in both sedentary and VWR animals com-
pared with their RD counterparts (Fig. 4B). Although VWR
increased GLUT4 protein levels, the exercise did not signif-
icantly increase Glut4 transcript levels, suggesting that a
nontranscriptional mechanism plays a role in the upregula-
tion of GLUT4 protein with exercise. To follow up on this
unexpected finding, we further validated the results by
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Figure 4—VWR exercise in obese mice rescues steady-state GLUT4
protein but not mRNA. A: Representative immunoblots for relative
GLUT4 protein determined by densitometry (n = 3). B: Relative
Glut4, CAT reporter, and actin mRNA levels determined by gRT-
PCR (n = 3-5). C: Schematic drawing of the transgenic mouse
hG4-CAT promoter/reporter construct, including known regulatory
sites. n = 3 animals per group. Data are mean = SEM. *P < 0.05,
diet effect; TP < 0.05, VWR effect. n.s., not significant; SED, sedentary.

assessing the effects of VWR exercise in transgenic obese
mice carrying hG4-895-CAT (Fig. 4C) (22,23). Expression of
the promoter/reporter construct is regulated identically to
endogenous mouse Glut4 mRNA with respect to both tissue-
specific and nutritional regulation of Glut4 gene expression
(24). Similar to our steady-state mouse Glut4 mRNA results,
we found that HED reduced the level of CAT mRNA and
that VWR did not increase these mRNA levels. Actin mRNA
levels were not affected by HFD feeding or VWR exercise,
indicating that the observed HFD-induced transcriptional
downregulation is specific to Glut4 mRNA. These results
further support a role for posttranscriptional regulation of
GLUT4 production with exercise.

HFD and VWR Differentially Affect Downstream
mTORC1 Substrate Phosphorylation

Because VWR increased GLUT4 protein concentration but
not mRNA, we hypothesized that GLUT4 protein synthesis
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was increased. The mTORC1 pathway is involved in protein
synthesis and responds to changes in nutrient flux and
energy supply. Phosphorylation of the translational activa-
tor p70 S6K and hyperphosphorylation of the translational
inhibitor eukaryotic translation initiation factor 4E-binding
protein 1 (y-4E-BP1) are commonly used as downstream
markers for mTORC1 pathway activation (25-27). We used
specific protein antibodies toward S6K T389 phosphorylation
and 4E-BP1 T36/47 phosphorylation to determine whether
VWR exercise activates these pathways (Fig. 5A and B). VWR
exercise increased both phospho-S6K and y-4E-BP1 in RD
mice. HFD feeding in sedentary animals decreased the level
of the y-4E-BP1 (Fig. 5B). Although VWR was unable to
increase S6K phosphorylation in HFD mice, VWR prevented
the reduction in y-4E-BP1. These data suggest that exercise-
dependent upregulation of GLUT4 with VWR is mediated by
increased mTORC1 production of y-4E-BP1 and subsequent
increased GLUT4 protein synthesis.

Increased GLUT4 Protein Expression With VWR Is
Independent of Rapamycin-Sensitive and Torin
1-Sensitive mMTORC1 Signaling

Because we observed the highest levels of phosphoryla-
tion of both mTOR substrates in lean mice, we used RD
mice to test the hypothesis that mTORC1 plays a role in
GLUT4-specific regulation. We found that rapamycin
treatment specifically downregulated GLUT4 expression in
sedentary mice by ~25% as well as promoted the appear-
ance of the a-band of 4E-BP1 (Fig. 6A and B). Rapamycin
treatment also resulted in strong inhibition of S6K T389
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Figure 5—VWR exercise in obese mice has no effect on p70 S6K
activation but maintains 4E-BP1 inactivation. Representative immu-
noblots for relative phospho-p70 S6K (A) and phospho-4E-BP1 (B)
protein determined by densitometry. Tubulin loading control for this
group is shown in Fig. 4A with GLUT4 protein. n = 3 animals/group.
Data are mean = SEM. *P < 0.05, diet effect; 1P < 0.05, VWR
effect. SED, sedentary.
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phosphorylation (Fig. 64). However, VWR-mediated increases
in GLUT4 protein were not inhibited by rapamycin treatment,
suggesting that GLUT4 upregulation might be mTORC1 inde-
pendent. Additionally, rapamycin treatment did not decrease
the level of y-4E-BP1 in VWR-trained mice, suggesting that
both formation of y-4E-BP1 and upregulation of GLUT4
protein are rapamycin insensitive. Rapamycin treatment
did not affect Glut4 mRNA, running distance, or quadriceps
skeletal muscle size in these mice (Fig. 6B-D).

Because rapamycin did not prevent formation of y-4E-BP1,
we could not conclude that 4E-BP1 inhibition was necessary
for upregulation of GLUT4 protein expression. Thus, in
an attempt to prevent production of y-4E-BP1, we treated
mice with Torin 1, a more-specific inhibitor of 4E-BP1
v-phosphorylation (28). Torin 1 treatment did not pre-
vent upregulation of GLUT4 with VWR but did result in
the accumulation of B-4E-BP1, an active form of the trans-
lation inhibitor (Fig. 7A and B). As expected, Torin 1 treat-
ment did not affect S6K phosphorylation under basal and
exercised conditions (27). To confirm the effectiveness of
Torin 1 treatment in skeletal muscle in vivo, we treated
mice with Torin 1 before an acute insulin treatment. We
found that Torin 1 prevented insulin-stimulated increases in
phospho-S6K and the formation of y-4E-BP1 (Fig. 7C) (27).
No difference in quadriceps weight or total running dis-
tance was observed between mice treated with vehicle versus
Torin 1 (Fig. 7D and E).

DISCUSSION

This study used the HFD-induced insulin resistant mouse
model to investigate the benefits of VWR exercise on
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nutrient metabolism and to gain insight into the exercise-
induced mechanism responsible for insulin-independent
upregulation of skeletal muscle GLUT4 protein levels in
obese mice. Both endurance and resistance exercise have
been shown to increase GLUT4 protein expression. We
chose to use a VWR exercise because it is a less stressful
alternative to treadmill running.

VWR exercise in HFD mice led to significant improve-
ments in key markers of metabolic health, including
reduced fasting insulin levels, improved glucose tolerance,
and reduced liver and muscle TAG (Figs. 2 and 3). As
expected, HFD feeding promoted increased liver and skel-
etal muscle TAG content (28-31). The larger liver size in
obese sedentary animals is likely accounted for by the
increased hepatic TAG (Fig. 1D). Decreased hepatic and
quadriceps muscle TAG observed with VWR exercise may
reflect increased turnover of endogenous nutrient stores
with this moderate form of aerobic exercise. In agreement
with previous studies, exercise increased liver glycogen
stores in HFD mice (32,33). Of note, VWR was not able
to increase muscle glycogen content of HFD mice, indicating
that some aspects of HFD-induced metabolic changes persist
even with exercise training, including inhibition of muscle
glycogen synthesis. Although hexokinase activities have been
found to be unchanged with long-term HED feeding, some
studies have found decreased glycogen content and glycogen
synthase activity in obese individuals (30,33-35). Therefore,
the inability to replenish musce glycogen after exercise
could be due to persistent inhibition of musde glycogen
synthase activity in obese animals.
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Figure 6—mTORC1 regulates basal GLUT4 protein expression independent of VWR exercise. Data for rapamycin-treated lean mice. A:
Representative immunoblots for relative GLUT4, phospho-S6K, phospho-4E-BP1, and tubulin. B: Quantity of GLUT4 protein determined by
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Our primary objective was to gain insight into the
exercise mechanism responsible for increased skeletal
muscle GLUT4 protein in an insulin resistant mouse model.
Previous studies support that the mechanism for de-
creased GLUT4 protein in adipose tissue is due to decreased
transcriptional expression of Glut4 mRNA through in-
creased association of transcriptionally repressive class
IT histone deacetylases to the Glut4 promoter (22,36).
This mechanism has not been demonstrated in skeletal
muscle. Some have speculated that exercise increased
GLUT4 by activating pathways that result in removal of
these transcriptional repressors, thus promoting in-
creased Glut4 transcription (37,38). However, many of
these studies assessed differences in GLUT4 protein but
not transcript levels. Previous studies that measured
Glut4 transcript levels showed a transient peak in Glut4
expression during the recovery period after exercise ter-
mination (6,7). As a result, the suggestion has been made
that because the half-life of the GLUT4 protein is longer
than that of Glut4 mRNA, the gradual increase in GLUT4
protein observed with exercise training is the product of
repeated, though transient, increases in Glut4 transcrip-
tion, which allows for skeletal muscle remodeling (and
increased GLUT4 expression) over time (39). Exercise stud-
ies have supported this claim, providing data that show
increased phosphorylation and export of class II histone
deacetylases from the nucleus in response to activation
of signaling pathways associated with exercise and contrac-
tion (i.e., AMPK, Ca*/ calmodulin-dependent protein kinase)
(38,40,41). However, studies that test the mechanistic

effects of exercise on Glut4 transcription, specifically un-
der insulin resistant conditions, are necessary to uphold
the hypothesis that upregulation of Glut4 is expressly
through increased transcription.

We did not observe upregulation of Glut4 mRNA with
increased GLUT4 protein levels in response to VWR exer-
cise in either RD or HFD mice (Fig. 4B), which may be due
to the fact that we missed the peak for a transient in-
crease in mRNA because of the inability to control timing
for exercise cessation with VWR. Previous studies that
demonstrated either a transient or sustained increase in
Glut4 mRNA after exercise used either a treadmill or a
swimming exercise, the timing and intensity of which
could be strictly controlled (6,7,42). Because VWR permit-
ted variable intensity and duration of exercise compared
with forced treadmill exercise or swimming, it is possible
that the effects of transcription and posttranscription
mechanisms regulating GIut4 expression differed between
the paradigms.

VWR exercise increased muscle GLUT4 protein levels
in HFD mice, but these protein levels did not exceed those
found in sedentary RD animals. The restricted increase
in GLUT4 protein levels in VWR HFD mice could be due
to limited upregulation in the rate of protein synthesis
because of the reduced level of Glut4 mRNA in the obese
mice. Decreased Glut4 mRNA in HFD skeletal muscle can
be due to decreased transcription or increased transcript
degradation. We favor decreased transcription because
steady-state levels of the hG4-895-CAT mRNA were de-
creased to the same extent as Glut4. In HFD animals,
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VWR exercise increased protein synthesis independent of
transcriptional downregulation.

The signaling pathways leading to VWR-dependent
protein synthesis are unclear. We found that the mTOR-
dependent pathway effectors S6K and 4E-BP1, which
regulate cap-dependent mRNA translation, were regulated
by VWR in RD mice (Fig. 5). Because HFD prevented
VWR-induced S6K activation yet permitted increased
GLUT4 expression, we hypothesized that y-4E-BP1 is re-
quired for the exercise-dependent GLUT4 protein synthe-
sis. Although an HFD-dependent decrease in y-4E-BP1 in
sedentary animals was observed, VWR exercise prevented
the HFD-induced reduction of y-4E-BP1 in obese mice to
the level of RD mice. Together, the data show that both
HFD and VWR have distinct effects on phosphorylation of
these downstream mTORC1 substrates. Furthermore, the
findings support the notion that S6K and 4E-BP1 phos-
phorylation states undergo differential regulation depend-
ing on environmental and physiological conditions, including
response to HFD and VWR exercise (43-46).

To test the hypothesis that the VWR-dependent
increase in GLUT4 protein requires mTORC1-dependent
4E-BP1 +y-formation, we treated RD mice with rapamycin
to inhibit mTORCI signaling. Rapamycin treatment dra-
matically decreased phosphorylation of S6K, even in VWR
mice. We again observed differential regulation between
phospho-S6K and vy-4E-BP1 as the VWR-mediated in-
crease in y-4E-BP1 levels persisted in mice treated with
rapamycin (Fig. 6A). These data suggest that either non-
mTORC1 inputs promote 4E-BP1 formation resulting
from exercise or rapamycin does not completely inhibit
formation of y-4E-BP1. Therefore, we treated mice with
Torin 1 to rule out 4E-BP1 as a regulator of GLUT4 pro-
tein expression. The data suggest that the observed VWR-
dependent increase in GLUT4 protein was both rapamycin
and Torin 1 independent; thus, the VWR-dependent in-
crease in GLUT4 expression may be regulated by a different
translational mechanism than basal GLUT4 synthesis in
muscle because as we and others have shown, basal GLUT4
levels are lower in rapamycin-treated cells and tissue (Fig. 6A
and B) (47).

Although it remains important to understand how
exercise transiently increases Glut4 transcription, this
study shifts the focus toward understanding how GLUT4
protein synthesis is regulated by exercise. The data dem-
onstrate that although HFD-dependent downregulation
of Glut4 mRNA is likely responsible for decreased GLUT4
protein in obese animals, exercise is capable of increasing
protein levels through a posttranscriptional mechanism.
Although we favor an increase in protein synthesis, GLUT4
protein stability may be enhanced by exercise. The latter
possibility seems less likely because exercise is associated
with increased muscle protein turnover (48).
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