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GLUT4 is necessary for acute insulin- and contraction-
induced skeletal muscle glucose uptake, but its role in
chronic muscle loading (overload)-induced glucose
uptake is unknown. Our goal was to determine whether
GLUT4 is required for overload-induced glucose up-
take. Overload was induced in mouse plantaris muscle
by unilateral synergist ablation. After 5 days, muscle
weights and ex vivo [3H]-2-deoxy-D-glucose uptake
were assessed. Overload-induced muscle glucose
uptake and hypertrophic growth were not impaired in
muscle-specific GLUT4 knockout mice, demonstrat-
ing that GLUT4 is not necessary for these processes.
To assess which transporters mediate overload-induced
glucose uptake, chemical inhibitors were used. The
facilitative GLUT inhibitor cytochalasin B, but not the
sodium-dependent glucose cotransport inhibitor
phloridzin, prevented overload-induced uptake dem-
onstrating that GLUTs mediate this effect. To assess
which GLUT, hexose competition experiments were
performed. Overload-induced [3H]-2-deoxy-D-glucose
uptake was not inhibited by D-fructose, demonstrating
that the fructose-transporting GLUT2, GLUT5, GLUT8,
and GLUT12 do not mediate this effect. To assess ad-
ditional GLUTs, immunoblots were performed. Over-
load increased GLUT1, GLUT3, GLUT6, and GLUT10
protein levels twofold to fivefold. Collectively, these
results demonstrate that GLUT4 is not necessary for
overload-induced muscle glucose uptake or hypertro-
phic growth and suggest that GLUT1, GLUT3, GLUT6,
and/or GLUT10 mediate overload-induced glucose
uptake.

Lifestyle modification, including an increase in physical
activity, has been demonstrated to reduce the incidence of
type 2 diabetes (1). Resistance exercise training has been
specifically recommended due to its ability to reduce fasted
blood glucose levels (2,3), fasted blood insulin levels (3), and
hemoglobin A1c levels (2–4), as well as to increase whole-
body glucose disposal (2,5), skeletal muscle mass (2–4), and
muscle glucose uptake (5). Given the importance of muscle
in maintaining systemic glucose homeostasis, understand-
ing how resistance training alters muscle glucose metabo-
lism may lead to new treatments for type 2 diabetes.

Resistance exercise training is defined as repeated muscle
contraction against a load (2–5). In rodents, chronic muscle
loading (overload) can be achieved via surgical ablation of
synergist muscles or tendons (6–9), and studies have shown
that it rapidly and consistently induces adaptations in skel-
etal muscle similar to resistance training, such as muscle
hypertrophy (6–9). In both insulin-sensitive and insulin-
resistant mouse muscle, 3–4 days of overload is sufficient
to increase muscle mass (30–40%) (6–8) and glucose up-
take (;80%) (6), suggesting that resistance training and
overload may use the same cellular mechanisms to regu-
late muscle metabolism. Unfortunately, these mechanisms
are not well understood.

GLUT4 is considered to be the main GLUT in skeletal
muscle as a number of studies have demonstrated a positive
association between GLUT4 protein levels and muscle
glucose uptake. In mouse skeletal muscle, overexpression
of GLUT4 increased basal (20–300%), insulin-induced (60–
200%), and contraction-induced (35%) muscle glucose
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uptake (10,11). In contrast, muscle-specific loss of GLUT4
decreased basal glucose uptake (70–80%) and complet-
ely prevented insulin- and contraction-induced muscle
glucose uptake (11–13). Thus, these findings demon-
strate that GLUT4 plays an essential role in mediating
skeletal muscle glucose uptake in response to short-term
stimulation.

In contrast to short-term stimulation, the role of GLUT4
in mediating muscle glucose uptake in response to long-
term stimulation, such as resistance training or muscle
overload, is less clear. Studies conducted in humans and
rodents have demonstrated an increase (5,9,14–18) as well
as no change (16,18–20) in skeletal muscle GLUT4 protein
levels in response to resistance training or muscle overload.
In addition, previous work in rodent muscle has demon-
strated a dissociation between resistance training–induced
increases in muscle glucose uptake and GLUT4 protein
levels (18), suggesting that another GLUT may be involved.
Thus, the role of GLUT4 in mediating resistance training/
loading–induced increases in muscle glucose uptake is not
clear. Therefore, the objective of this study was to deter-
mine whether GLUT4 expression is necessary for the long-
term adaptation of overload to stimulate glucose uptake in
skeletal muscle.

RESEARCH DESIGN AND METHODS

Materials
Plasmids containing mouse GLUT1 (catalog #MR207871),
GLUT3 (catalog #MR2097915), GLUT6 (catalog #MR219710),
and GLUT10 (catalog #MR227535) and an HEK293 cell
GLUT10 overexpression lysate (catalog #LY410718) were
purchased from OriGene Technologies. 2-Deoxy-D-glucose
(catalog #D8375), D-mannitol (catalog #M4125), phloridzin
dihydrate (catalog #P3449), cytochalasin B (catalog #C6762),
L-glucose (catalog #G5500), D-glucose (catalog #G8270),
D-fructose (catalog #F0127), D-galactose (catalog #G0750),
and D-xylose (catalog #X3833) were purchased from
Sigma-Aldrich. 2-[1,2-3H(N)]-Deoxy-D-glucose (cata-
log #NET549001MC) and D-[1-14C]-mannitol (catalog
#NEC314250UC) were purchased from PerkinElmer.

Animals
All procedures were performed in accordance with the
East Carolina University Institutional Animal Care and
Use Committee and the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Mice
were housed in cages at 21–22°C with a 12 h light/dark
cycle and fed a standard chow diet (Prolab RMH 3000,
catalog #5P00; PMI Nutrition International). Food and
water were available ad libitum.

Female CD-1 mice (7–8 weeks old) were obtained from
Charles River Laboratories. GLUT4 LoxP mice were gen-
erated as previously described (21) and obtained from
Dr. Barbara B. Kahn (Beth Israel Deaconess Medical Center).
GLUT4 LoxP mice were bred with muscle creatine kinase
Cre recombinase transgenic mice (MCK-Cre+; C57BL/6J
strain; The Jackson Laboratory) to generate the following

mice: wild-type (WT), GLUT4 LoxP+/2, LoxP+/+ (control),
MCK-Cre+ (control), muscle-specific GLUT4 heterozygous
(mGLUT4 HET) and muscle-specific GLUT4 knockout
(mGLUT4 KO). For these studies, both male and female
mGLUT4 KO, mGLUT4 HET, and their WT/control litter-
mates (11–12 weeks old) were used.

Body Composition
Mice were weighed, and body composition was assessed
using an EchoMRI Model 700 Body Composition Analyzer
prior to any surgical procedure.

Transfection of Mouse Muscle Using In Vivo
Electroporation
In vivo muscle gene transfer/electroporation was per-
formed using methods described by Hinkley et al. (22).
Five days post-transfection, muscles were excised, frozen
in liquid nitrogen, and processed for immunoblot analyses.

Unilateral Synergist Ablation Surgery
Muscle overload was induced via unilateral ablation of
synergist muscles using methods described by Ferey et al.
(7). Mice were anesthetized with isoflurane (2–3%). For
plantaris muscle overload, the distal two-thirds of the gas-
trocnemius and soleus muscles were ablated. For soleus
muscle overload, the distal two-thirds of the gastrocnemius
muscle was ablated. A sham surgery was performed on the
contralateral leg. After 1, 3, or 5 days (as indicated in the
figure legends), mice were fasted overnight, anesthetized
with pentobarbital sodium (90–100 mg/kg body weight)
for 40 min or isoflurane (2–3%) for 3–5 min, and eutha-
nized by cervical dislocation. Muscles were excised, weighed,
and then used to assess [3H]-2-deoxy-D-glucose uptake or
processed for immunoblot analyses.

Ex Vivo Muscle [3H]-2-Deoxy-D-Glucose Uptake
Ex vivo muscle [3H]-2-deoxy-D-glucose uptake was assessed
using methods adapted from Hinkley et al. (22). Muscles
were preincubated in continuously oxygenated 37°C Krebs-
Ringer bicarbonate buffer (KRBB) composed of the follow-
ing (in mmol/L): 117 NaCl, 4.7 KCl, 2.5 CaCl2 $ 2H2O, 1.2
KH2PO4, 1.2 MgSO4 $ 7H2O, and 24.6 NaHCO3, pH 7.5,
supplemented with 2 mmol/L pyruvate. For glucose uptake,
muscles were incubated in KRBB supplemented with
1.5 mCi/mL [3H]-2-deoxy-D-glucose, 1 mmol/L 2-deoxy-D-
glucose, 0.45 mCi/mL [14C]-mannitol, and 7 mmol/L manni-
tol, unless otherwise indicated. All radioactive incubations
were conducted at 30°C for 10 min. Cytochalasin B and
phloridzin were added into buffers as described in the figure
legends.

Hexose competition experiments were performed using
methods adapted from Ryder et al. (23). Muscles were pre-
incubated in KRBB plus pyruvate and then incubated
in 90% KRBB supplemented with 1.5 mCi/mL [3H]-2-
deoxy-D-glucose, 1 mmol/L 2-deoxy-D-glucose, 0.45 mCi/mL
[14C]-mannitol, and 35 mmol/L D-fructose, D-galactose,
D-glucose, D-xylose, or L-glucose. The osmolarity of the radio-
active solution was kept at;310 mOsm by the 10% dilution
of the KRBB and the removal of nonradiolabeled mannitol.
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After radioactive incubations, muscles were frozen in
liquid nitrogen, weighed, and solubilized in 1 mol/L NaOH
at 80°C for 15 min. Solubilized muscles were neutralized
with 1 mol/L HCl. Nonsoluble particulates were precipi-
tated by centrifugation at 10,000g for 1 min. Aliquots
were removed for scintillation counting of the [3H] and
[14C] labels, and the extracellular and intracellular spaces
calculated to determine [3H]-2-deoxy-D-glucose uptake.

Immunoblot Analyses
Immunoblot analyses were performed using standard
methods as previously described by Hinkley et al. (22)
and Ferey et al. (7). Frozen muscles were homogenized in
buffer containing the following (in mmol/L): 20 Tris-HCl,
pH 7.5, 5 EDTA, 10 Na4P2O7, 100 NaF, 2 NaVO4, 0.01
leupeptin, 3 benzamidine, 1 phenylmethylsulfonylfluoride,
1% Tergitol, and 10 mg/mL aprotinin. Samples were rotated
end over end at 4°C for 60 min and centrifuged at 14,000g
for 30 min. Lysate protein concentrations were determined
via the Bradford method. Lysates (80 mg) were subjected to
SDS-PAGE, and proteins were transferred onto nitrocellu-
lose membranes. Blocking, primary, and secondary antibody
conditions were as described in Table 1. Horseradish per-
oxide–conjugated secondary antibodies were detected using
chemiluminescence reagents (PerkinElmer). Densitometric
analysis of immunoblots was performed using Image Lab
Software (Bio-Rad).

Statistical Analysis
Data are presented as the mean 6 SEM. Statistical signif-
icance was defined as P , 0.05 and was determined by
Student t tests, one-way ANOVA, or two-way ANOVA and
Student-Newman-Keuls post hoc analysis. The number of
mice or muscles used to determine statistical significance is
indicated in the text or figure legends.

RESULTS

Overload-Induced Muscle Hypertrophy Is Not Impaired
in mGLUT4 KO Mice
Previous work demonstrated that muscle-specific loss of
GLUT4 led to slight (10–15%) or nonsignificant alterations
in mouse body weight (11,12,24), and this small difference
in phenotype was attributed to the heterogeneity of the

background strain (i.e., mixture of C57BL6, 129, and FVB).
Consistent with those findings, at the current level of back-
cross to the C57BL6 strain neither female or male mGLUT4
KO mice exhibited a significant difference in body weight,
fat mass, or lean mass compared with WT/controls (Table 2
and Supplementary Table 1).

To determine whether GLUT4 was necessary for over-
load-induced muscle hypertrophy, unilateral synergist abla-
tion of the distal two-thirds of the gastrocnemius and
soleus muscles was performed to induce plantaris overload.
As shown in Table 2, after 5 days overload-induced muscle
hypertrophy was not impaired in female mGLUT4 HET or
mGLUT4 KO mice compared with WT/controls. Similar re-
sults were obtained in male mice (Supplementary Table 1).
Thus, GLUT4 is not necessary for overload-induced muscle
growth in either sex.

Overload-Induced Muscle Glucose Uptake Is Not
Impaired in mGLUT4 KO Mice
To determine whether GLUT4 was necessary for overload-
induced muscle glucose uptake, muscles were incubated in
buffer containing [3H]-2-deoxy-D-glucose. Female mGLUT4
KO mice had significantly lower basal muscle glucose up-
take compared with both WT/control and mGLUT4 HET
mice, but in response to overload all three groups increased
glucose uptake to the same level (Fig. 1A). Thus, the per-
centage change in muscle glucose uptake in response to
overload was enhanced in the mGLUT4 KO mice compared
with WT/control and mGLUT4 HET mice (Fig. 1B). Similar
results were obtained in male mice (Supplementary Fig. 1A
and B). Thus, GLUT4 is not necessary for overload-induced
muscle glucose uptake in either sex.

Overload Stimulates Muscle Glucose Uptake via a
GLUT and Not a Sodium-Dependent Glucose
Cotransporter
There are two main glucose transporter families in
mammalian cells: the solute carrier family 2, which
consists of facilitated GLUTs; and the solute carrier family 5,
which consists of sodium-dependent glucose cotransporters
(SGLTs). To determine whether overload uses SGLTs or
GLUTs to increase glucose uptake, isolated muscles were
treated in the short term with the chemical SGLT inhibitor

Table 1—Immunoblotting conditions

Antigen Blocking 1° Antibody 2° Antibody

GLUT1 5% Nonfat dry milk 1:4,000 in 5% BSA
(catalog #07-1401; Millipore)

1:2,000 Rabbit-HRP
(catalog #PI31460; Thermo Fisher Scientific)

GLUT3 5% Nonfat dry milk 1:5,000 in 5% BSA
(catalog #AB1344; Millipore)

1:2,000 Rabbit-HRP
(catalog #PI31460; Thermo Fisher Scientific)

GLUT4 5% Nonfat dry milk 1:2,000 in 5% BSA
(catalog #07-1404; Millipore)

1:2,000 Rabbit-HRP
(catalog #PI31460; Thermo Fisher Scientific)

GLUT6 5% BSA 1:500 in 5% BSA
(catalog #118025; Abcam)

1:5,000 Mouse-HRP
(catalog #12-349; Millipore)

GLUT10 5% Nonfat dry milk 1:500 in 5% BSA (catalog #sc-21635;
Santa Cruz Biotechnology)

1:5,000 Goat-HRP
(catalog #V8051; Promega)

Antibodies and immunoblotting conditions used in the assessment of GLUT isoform protein levels. HRP, horseradish peroxidase.
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phloridzin or the GLUT inhibitor cytochalasin B, and [3H]-2-
deoxy-D-glucose uptake was assessed. As shown in Fig. 2,
while phloridzin did not alter glucose uptake (Fig. 2A), cy-
tochalasin B lowered basal and overload-induced glucose
uptake compared with vehicle (Fig. 2B). Since the overload-
induced increase in muscle mass was the same among the
groups (Supplementary Tables 2 and 3), these results indi-
cate that GLUTs mediate overload-induced glucose uptake.

GLUT7, GLUT9, GLUT11, GLUT13/H+/myo-Inositol
Transporter, and GLUT14 Cannot Mediate Overload-
Induced [3H]-2-Deoxy-D-Glucose Uptake in Mouse
Skeletal Muscle
There are 14 members of the GLUT family found in mam-
malian cells (GLUT1 to GLUT14). To narrow down the list of
GLUT isoforms involved in overload-induced glucose uptake,
the isoforms were screened for the following characteristics:
1) presence in the mouse genome, 2) ability to transport
2-deoxy-D-glucose, and 3) inhibition by cytochalasin B. Im-
portantly for this study, previous work has demonstrated
that the mouse genome does not possess GLUT11 or
GLUT14 (25,26), that neither GLUT7 nor GLUT13 (also
known as the H+/myo-inositol transporter) can transport
2-deoxy-D-glucose (27,28), and that [3H]-2-deoxy-D-glucose
transport via GLUT9 is not inhibited by cytochalasin B
(29). Collectively, these findings demonstrate that GLUT7,
GLUT9, GLUT11, GLUT13/H+/myo-inositol transporter, and
GLUT14 cannot be part of the mechanism by which overload
mediates [3H]-2-deoxy-D-glucose uptake in mouse muscle.

Overload-Induced Glucose Uptake Is Not Mediated
via a Fructose-Transporting GLUT
Hexose competition experiments have been performed
in Xenopus oocytes expressing individual GLUT isoforms
(27,30–35), and these studies have demonstrated considerable

substrate transport heterogeneity among the GLUTs.
For example, GLUT2, GLUT5, GLUT8, and GLUT12
have a higher affinity for transporting D-fructose over
2-deoxy-D-glucose (30–33), while GLUT1, GLUT3, and
GLUT10 have a higher affinity for transporting D-galactose
(30,34,35), and GLUT3 has a higher affinity for D-xylose
(30,35). To further narrow down the list of GLUTs involved
in overload-induced glucose uptake, experiments were per-
formed to assess the ability of different hexoses to compete
against [3H]-2-deoxy-D-glucose for transport into muscle
cells. For all experiments, overload-induced increases in
muscle mass were not significantly different (Supplemen-
tary Tables 4A and B). As shown in Fig. 3A, D-glucose com-
pletely blocked [3H]-2-deoxy-D-glucose uptake in both the
sham and overload-stimulated muscles compared with
L-glucose controls. In contrast, D-fructose did not impair
either sham or overload-induced [3H]-2-deoxy-D-glucose up-
take (Fig. 3A), demonstrating that the fructose-transporting
GLUT2, GLUT5, GLUT8, and GLUT12 are not involved.
D-galactose and D-xylose inhibited both sham and over-
load-induced [3H]-2-deoxy-D-glucose uptake by ;40–50%
(Fig. 3A and B), suggesting a possible role for GLUT1,
GLUT3, and/or GLUT10. To date, no studies have examined
GLUT6 substrate transport preference.

Overload Increases GLUT1, GLUT3, GLUT6, and
GLUT10 Protein Levels in Mouse Muscle
The results of the hexose competition experiments sug-
gested that overload uses GLUT1, GLUT3, GLUT6, and/or
GLUT10 to increase muscle glucose uptake. To assess the
potential involvement of these GLUTs, immunoblots were
performed in muscles 1, 3, and 5 days after overload.
Commercially available GLUT antibodies were validated for
the ability to detect their specified protein using GLUT

Table 2—mGLUT4 KO mice do not exhibit impairments in skeletal muscle growth

Genotype WT/CON mGLUT4 HET mGLUT4 KO

Presurgery body weight
Fed state (g) 22.6 6 0.5 23.9 6 0.7 21.3 6 0.6b

Body composition
Fat mass (g) 3.1 6 0.3 3.9 6 0.4 3.1 6 0.3
Lean mass (g) 16.8 6 0.3 17.5 6 0.4 15.9 6 0.4
Fat mass (%) 14.2 6 1.0 16.1 6 1.4 14.2 6 1.3
Lean mass (%) 74.6 6 1.1 73.5 6 1.4 74.6 6 1.2

Pre–tissue collection body weight
Fasted state (g) 20.5 6 0.4 21.3 6 0.5 19.0 6 0.6b

Plantaris muscle weight
Sham (mg) 12.5 6 0.3 12.4 6 0.3 12.5 6 0.4
Overload (mg) 18.8 6 0.4a 18.6 6 0.7a 17.5 6 0.8a

Plantaris muscle weight/body
Sham (mg/g) 0.61 6 0.02 0.59 6 0.02 0.66 6 0.02
Overload (mg/g) 0.93 6 0.04a 0.89 6 0.02a 0.93 6 0.05a

Percentage change in muscle weight (%) 50.9 6 4.0 50.9 6 4.6 40.1 6 4.9

Body weight and body composition were examined in female WT/control (WT/CON: GLUT4 LoxP+/2, GLUT4 LoxP+/+, and Cre+),
mGLUT4 HET, and mGLUT4 KO mice at 11–12 weeks old. Plantaris muscle hypertrophy was induced by unilateral synergist ablation
of the distal two-thirds of the gastrocnemius and soleus muscles. The contralateral limb was sham operated and served as the
control. After 5 days, plantaris muscles were excised and weighed. Statistical significance was defined as P , 0.05 and denoted as
follows: avs. sham-operated controls, bvs. mGLUT4 HET mice. N = 8–15 mice or muscles/group.
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isoform overexpression samples and/or tissues known to
express that GLUT isoform (Supplementary Fig. 2). Muscle
weights time-dependently increased after overload (Supple-
mentary Table 5). Overload did not significantly alter GLUT4
protein levels (Fig. 4). In contrast, overload significantly in-
creased GLUT1, GLUT3, GLUT6, and GLUT10 protein levels
(Fig. 4), suggesting that any or all of these GLUTs could be
involved in overload-induced muscle glucose uptake.

Overload-Induced GLUT1 and GLUT6 Protein Levels
Are Altered in mGLUT4 KO Mice
To determine whether the overload-induced increase in
GLUT1, GLUT3, GLUT6, or GLUT10 protein levels was
enhanced by the loss of GLUT4, immunoblots were per-
formed in muscles from the mGLUT4 HET and mGLUT4
KO mice. Immunoblot results for female mice are provided

in Fig. 5, whereas results for male mice are provided in
Supplementary Fig. 3. A direct comparison of GLUT immu-
noblot data between male and female mice is provided in
Supplementary Fig. 4. As shown in Fig. 5, the overload-
induced increases in GLUT3 and GLUT10 protein levels
were not altered by the loss of GLUT4. In contrast, al-
though the overload-induced increase in GLUT1 trended
toward being higher in the mGLUT4 KO mice (P = 0.13),
the overload-induced increase in GLUT6 was significantly
impaired (Fig. 5). In addition, GLUT6 protein levels were
lower in the sham muscles from the mGLUT4 KO mice
compared with WT/control mice (P = 0.05).

DISCUSSION

The data presented in this study are the first to demonstrate
that GLUT4 is not necessary for overload to stimulate
glucose uptake or hypertrophic growth in skeletal muscle.

Figure 2—Overload increases skeletal muscle glucose uptake via a
facilitated GLUT and not an SGLT. WT CD-1 female mice under-
went unilateral synergist ablation surgery to induce plantaris muscle
hypertrophy. After 5 days, muscles were excised and preincubated
in KRBB for 30 min. A: For SGLT inhibition, muscles were incubated
with phloridzin (10 or 100 mmol/L) or its vehicle (0.1% EtOH) for
60 min prior to the assessment of [3H]-2-deoxy-D-glucose uptake
for 10 min. B: For GLUT inhibition, muscles were incubated in KRBB for
60 min and then simultaneously incubated with [3H]-2-deoxy-D-glucose
and either cytochalasin B (10 mmol/L) or its vehicle (0.2% DMSO)
for 10 min. The entire muscle incubation period for both inhibitor
studies was 100 min. Statistical significance was defined as P< 0.05
and denoted as follows: a, vs. sham; b, vs. vehicle (either DMSO or
EtOH). N = 4–6 muscles/group.

Figure 1—Muscle-specific loss of GLUT4 does not impair overload-
induced skeletal muscle glucose uptake. At 11–12 weeks old,
female WT/control (WT/CON), mGLUT4 HET, and mGLUT4 KO
mice underwent unilateral synergist ablation surgery to induce
plantaris muscle hypertrophy. After 5 days, muscles were excised
and [3H]-2-deoxy-D-glucose uptake was assessed ex vivo. A: Rate
of muscle glucose uptake. B: Percentage change in glucose uptake
relative to the contralateral, sham-operated control muscle. Statis-
tical significance was defined as P < 0.05 and denoted as follows:
a, vs. sham-operated control mice; b, vs. WT/CON mice; and c, vs.
mGLUT4 HET mice. N = 4–8 muscles/group.
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In addition, these studies demonstrate that overload-
induced muscle glucose uptake is mediated via a facilitated
GLUT with a hexose transport preference of D-glucose .
D-galactose � D-xylose . 2-deoxy-D-glucose and not
D-fructose. Immunoblot analyses found that muscle
GLUT1, GLUT3, GLUT6, and GLUT10 protein levels are

increased by overload, suggesting that one or more of these
transporters is responsible for overload-induced glucose uptake.

Five days of overload increased glucose uptake ;80% in
plantaris muscles from both male and female WT/control
mice (11–12 weeks old) (Figs. 1–3 and Supplementary Fig.
1) and;90% in soleus muscle from female mice (8–9 weeks
old) (Supplementary Fig. 4). These findings, along with pre-
vious work that showed that 4 days of overload increased
soleus muscle glucose uptake ;80% in male mice that were
25–30 weeks old (6), demonstrate that overload can stimulate
muscle glucose uptake irrespective of fiber type, sex, or age.

In this study, muscle GLUT4 protein levels were not
significantly changed by overload (Fig. 4). Although this is
in contrast with work that demonstrated an;70% increase
in GLUT4 protein levels after overload (9), there are a num-
ber of important differences between these studies that
could account for the observed inconsistency in findings,
including species examined (rat vs. mouse), age of animals
(6 vs. 2–3 months old), duration of overload (120 vs.
5 days), type of surgery (bilateral vs. unilateral), and muscle
examined (medial gastrocnemius vs. plantaris). Consistent
with no change in GLUT4 protein levels, overload-induced
muscle glucose uptake was not impaired in either the male
or female mGLUT4 KO mice (Fig. 1 and Supplementary Fig.
1). This finding is in agreement with work in rat hind limb
muscle that demonstrated a disconnect between resistance
training–induced increases in muscle glucose uptake and
GLUT4 protein levels (18) and work in human muscle
that demonstrated no change in GLUT4 protein after re-
sistance training in healthy subjects (4,5). Thus, collectively
these results suggest that GLUT4 does not regulate loading-
induced glucose uptake in healthy muscle. However, over-
load and resistance training are not identical stimuli and
elicit some differential adaptations in muscle (e.g., change
in fiber type), so future studies will need to examine the
necessity of GLUT4 in other models that induce hypertro-
phy (e.g., weighted ladder climbing).

Treatment of mouse plantaris muscles with the SGLT
inhibitor phloridzin (10 or 100 mmol/L) had no significant

Figure 4—Effect of overload (OVL) on muscle GLUT isoform protein levels. Female WT mice underwent unilateral synergist ablation surgery
to induce plantaris muscle hypertrophy. After 1, 3, or 5 days, muscles were excised and processed to assess the protein expression of
GLUT isoforms by immunoblot (IB) analysis. Representative blots and quantification are provided above. Statistical significance was
defined as P < 0.05 and denoted as follows: a, vs. sham; b, vs. 1 day; c, vs. 3 days. N = 6–7 muscles/group.

Figure 3—Overload-induced increases in skeletal muscle glucose
uptake involve a GLUT that can transport D-glucose, D-galactose,
and D-xylose but not L-glucose or D-fructose. WT CD-1 female mice
(6–8 weeks of age) underwent unilateral synergist ablation surgery
to induce plantaris muscle hypertrophy. After 5 days, muscles were
excised and preincubated in KRBB for 90 min, and [3H]-2-deoxy-D-
glucose uptake was assessed ex vivo for 10 min in the presence of
different hexoses as follows: 35 mmol/L L-glucose, D-glucose,
D-fructose, and D-galactose (A) or 35 mmol/L L-glucose or D-xylose
(B). Statistical significance was defined as P < 0.05 and denoted as
follows: a, vs. sham; b, vs. L-glucose. N = 4–6 muscles/group.
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effect on basal or overload-induced glucose uptake (Fig. 2A).
These findings are in contrast with previous work in mouse
soleus in which a 30-min preincubation with phloridzin
(5 mmol/L) impaired basal and overload-induced glucose
uptake 70–75% (6). Since the current study allowed a longer
time (60 min) for phloridzin diffusion to the innermost
muscle fibers, the discrepancy between these findings is
most likely due to inhibitor dose. Phloridzin has an IC50 of
;0.760 mmol/L for SGLT1 (36),;0.066 mmol/L for SGLT2
(36), ;360 mmol/L for GLUT1 (37), and ;140 mmol/L for
GLUT4 (37). Thus, the decreased glucose uptake observed
with 5 mmol/L phloridzin was most likely due to nonspecific
inhibition of GLUTs and not to a muscle fiber type–specific
difference in inhibitor action.

D-Fructose had no effect on either sham or overload-
induced [3H]-2-deoxy-D-glucose uptake (Fig. 3A). These
results are consistent with those found in mouse soleus
muscle demonstrating no inhibition of basal or insulin-
induced [3H]-2-deoxy-D-glucose uptake by D-fructose (23)
and indicate that the GLUTs capable of transporting fruc-
tose (i.e., GLUT2, GLUT5, GLUT8, GLUT9, and GLUT12)
do not functionally contribute to basal, insulin-induced,
or overload-induced muscle glucose uptake. D-Galactose
and D-xylose both partially impaired basal and overload-
induced [3H]-2-deoxy-D-glucose uptake (Fig. 3A and B).
Since previous work has shown that D-galactose is a
competitive inhibitor of [3H]-2-deoxy-D-glucose uptake
via GLUT1, GLUT3, and GLUT10 (30,34) and D-xylose is
a competitive inhibitor of [3H]-2-deoxy-D-glucose uptake
via GLUT3 (30), these results suggest that GLUT1, GLUT3,
and/or GLUT10 mediate overload-induced muscle glucose
uptake.

The mouse GLUT1 gene encodes a 492-amino acid
protein with a predicted molecular weight of ;54 kDa,
and in this study GLUT1 was detected at ;55 kDa in
mouse muscle (Supplementary Fig. 2A). Overload time-
dependently increased muscle GLUT1 protein levels up

to ;480% in WT mice (Fig. 4), and overload-induced
increases in GLUT1 protein were elevated ;50% in
mGLUT4 KO mice compared with WT/control mice (Fig.
5). These data are consistent with those in cardiac muscle,
in which pressure overload time-dependently increased
GLUT1 protein up to ;200% by 4 days (38), and in
cardiac-specific GLUT4 KO mice, which exhibited ;200%
increases in cardiac GLUT1 protein levels (21). At
5 days postoverload, GLUT1 protein was increased
;480% (Fig. 4), but muscle glucose uptake was only in-
creased;80% (Figs. 1–3), suggesting that at least some of
the GLUT1 proteins were not actively transporting glu-
cose. These findings are consistent with those in muscle-
specific GLUT1 overexpression mice in which .40-fold
increases in GLUT1 protein only increased basal muscle
glucose uptake approximately ninefold (39). Thus, future
studies will need to assess the activity of muscle GLUT1
in order to determine a role for this protein in overload-
induced muscle glucose uptake.

The mouse GLUT3 gene encodes a 493-amino acid
protein with a predicted molecular weight of ;54 kDa,
and in this study GLUT3 was detected at ;66 kDa in
mouse sciatic nerve and muscle (Supplementary Fig.
2B). These data are consistent with those from studies
detecting GLUT3 in mouse neurons (mRNA and protein)
(40) and C2C12 muscle cells (mRNA) (41) but are in con-
trast with work that failed to detect GLUT3 protein in
mouse soleus (23). The reason underlying this inconsis-
tency in the predicted versus observed molecular weight
of GLUT3, as well as the discrepancy in detection of
GLUT3 protein in mouse muscle, is unclear. However,
since [3H]-2-deoxy-D-glucose uptake via GLUT3 can be
competitively inhibited by D-xylose (30) and muscle
[3H]-2-deoxy-D-glucose uptake was impaired by D-xylose
in this study (Fig. 3B), these results support the conclu-
sion that GLUT3 protein is present in mouse plantaris
muscle and suggest that GLUT3 expression in rodent

Figure 5—Effects of muscle-specific loss of GLUT4 on overload (OVL)-induced changes in GLUT isoform protein levels. At 11–12 weeks
old, female WT/control (WT/CON), mGLUT4 HET, and mGLUT4 KO mice underwent unilateral synergist ablation surgery to induce plantaris
muscle hypertrophy. After 5 days, muscles were excised and processed to assess GLUT isoform protein levels by immunoblot (IB) analysis.
Representative blots and quantification are provided above. Statistical significance was defined as P < 0.05 and denoted as follows: a, vs.
sham; b, vs. WT/CON; c, vs. mGLUT4 HET; d, genotype main effect vs. WT/CON; e, genotype main effect vs. mGLUT4 HET. N = 5–7
muscles/group.

diabetes.diabetesjournals.org McMillin and Associates 1497

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1075/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1075/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1075/-/DC1


muscle may be fiber type specific. Overload time-dependently
increased GLUT3 protein levels up to ;140% in WT mice
(Fig. 4). Since overload stimulates muscle satellite cell
recruitment and myocyte fusion (42) and GLUT3 mRNA
levels transiently increase during myocyte fusion (43),
these findings suggest that overload-induced increases
in GLUT3 protein levels may be due to an increase in
muscle satellite cells. Overload-induced increases in
GLUT3 protein levels were not impaired in mGLUT4 KO
mice (Fig. 5), suggesting that GLUT3 could regulate over-
load-induced glucose uptake. Consistent with this hypoth-
esis, work in Xenopus oocytes has shown that GLUT3
exhibits a fivefold or greater capacity to transport glucose
than GLUT1 or GLUT4 (35). Thus, even a small increase
in GLUT3 protein levels could have a significant impact on
muscle glucose uptake.

The mouse GLUT6 gene encodes a 497-amino acid
protein with a predicted molecular weight of ;55 kDa,
and in this study GLUT6 protein was detected at
;52 kDa in mouse brain and muscle (Supplementary
Fig. 2D). These data are consistent with those in human
tissues in which GLUT6 mRNA was strongly detected in
brain with lower transcript levels found in muscle (44).
Overload increased muscle GLUT6 protein levels ;200–
300% in WT/control and mGLUT4 KO mice (Figs. 4
and 5), suggesting that GLUT6 could mediate overload-
induced glucose uptake. In support of this hypothesis, stud-
ies have demonstrated that GLUT6 transports D-glucose
within a physiological range (1–5 mmol/L) (44) and that
GLUT6 knockdown impaired [3H]-2-deoxy-D-glucose up-
take in malignant human endometrial cells (45). However,
even though studies in 3T3L1 adipocytes demonstrated
that mutation of an N-terminal di-leucine motif in GLUT6
caused its relocalization to the cell surface (46), to date no
studies have demonstrated GLUT6 translocation in re-
sponse to any stimulus in any cell type (46). Thus, future
studies will need to determine whether overload increases
cell surface GLUT6 protein levels. Interestingly, GLUT6
protein levels were decreased ;40–50% in the sham
and overload-stimulated muscles from the female and
male mGLUT4 KO mice (Fig. 5 and Supplementary Figs.
3 and 4), suggesting that GLUT4 and GLUT6 may interact
to coordinately regulate glucose uptake. Future studies
will need to determine the relationship between GLUT4
and GLUT6 in skeletal muscle.

The mouse GLUT10 gene encodes a 536-amino acid
protein with a predicted molecular weight of ;57 kDa,
and in this study GLUT10 was detected at ;66 kDa in
mouse muscle (Supplementary Fig. 2C). Although the rea-
son behind the discrepancy in the predicted versus
observed molecular weight of GLUT10 is unclear, the
current finding is consistent with previous work that re-
ported GLUT10 mRNA in C2C12 cells (41) and mouse
muscle (47). Overload increased GLUT10 protein levels
100–150% in muscles from WT/control, mGLUT4 HET,
and mGLUT4 KO mice (Figs. 4 and 5), suggesting that
GLUT10 could regulate overload-induced glucose uptake.

However, in 3T3L1 adipocytes GLUT10 is localized to the
Golgi and mitochondria and not to the cell surface (48).
Thus, even though GLUT10 has the lowest Km value for
2-deoxy-D-glucose transport of all of the overload-regulated
GLUTs (i.e., Km ;0.3 mmol/L) (34), without localization
to the cell surface, GLUT10 could not be involved in over-
load-induced muscle [3H]-2-deoxy-D-glucose uptake. Future
studies will need to determine the intracellular localization
of GLUT10 in muscle.

A direct comparison of the GLUT immunoblot data from
the male and female mice revealed a sex difference in the
expression of GLUT4, GLUT6, and GLUT10 (Supplementary
Fig. 5). Although the physiological significance of these find-
ings is presently unclear, it may explain the different rates of
muscle glucose uptake observed between the sexes (e.g., basal
muscle glucose uptake rates were 0.88 6 0.10 mmol/g/h in
WT/control female mice [Fig. 1] and 0.59 6 0.04 mmol/g/h
in male mice [Supplementary Fig. 1]).

In conclusion, the results from this study demon-
strated that GLUT4 is not required for overload-induced
increases in skeletal muscle glucose uptake or hypertro-
phic growth and suggest that GLUT1, GLUT3, GLUT6,
and/or GLUT10 may play a key role in the regulation of
overload-induced glucose uptake. Future studies are cur-
rently underway to identify the GLUTs that are responsible
for this effect and to determine whether they also play a key
role in the beneficial effects on whole-body glucose metab-
olism elicited by resistance exercise training in individuals
with type 2 diabetes.
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