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Abstract
Skeletal muscle insulin resistance is a major characteristic
underpinning type 2 diabetes. Impairments in the insulin
responsiveness of the glucose transporter, Glut4 (Slc2a4), have
been suggested to be a contributing factor to this disturbance.
We have produced muscle-specific Glut4 knockout (KO) mice
using Cre/LoxP technology on a C57BL6/J background and
shown undetectable levels of GLUT4 in both skeletal muscle
and heart. Our aim was to determine whether complete
deletion of muscle GLUT4 does in fact lead to perturbations
in glucose homoeostasis. Glucose tolerance, glucose turnover
and 2-deoxyglucose uptake into muscle and fat under basal and
insulin-stimulated conditions were assessed in 12-week-old KO
and control mice using the oral glucose tolerance test (OGTT)
and hyperinsulinaemic/euglycaemic clamp respectively.
KO mice weighed w17% less and had significantly heavier

hearts compared with control mice. Basally, plasma glucose and
plasma insulin were significantly lower in the KO compared
with control mice, which conferred normal glucose tolerance.
Despite the lack of GLUT4 in the KO mouse muscle, glucose
uptake was not impaired in skeletal muscle but was reduced in
heart under insulin-stimulated conditions. Neither GLUT1 nor
GLUT12 protein levels were altered in the skeletal muscle or
heart tissue of our KO mice. High-fat feeding did not alter
glucose tolerance in the KO mice but led to elevated plasma
insulin levels during the glucose tolerance test. Our study
demonstrates that deletion of muscle GLUT4 does not adversely
affect glucose disposal and glucose tolerance and that
compensation from other transporters may contribute to this
unaltered homoeostasis of glucose.

Introduction

(Ginsberg et al. 1975, Ferrannini et al. 1987, Bressler et al.
1996, Kahn et al. 2006, Lankarani et al. 2009).
The disposal of glucose into muscle and adipose tissue is
dependent on the action of specific glucose transporters
(GLUT) and the hormonal regulation of their expression and
function (Charron et al. 2005). The Glut4 (Slc2a4) is the main
insulin-responsive transporter abundantly expressed in skeletal
muscle, adipose tissue and heart (Kahn 1992, Mueckler 1994).
In the resting state, GLUT4 is sequestered in intracellular
vesicles and becomes translocated to the plasma membrane
upon insulin stimulation to facilitate glucose transport into
the cell (James & Piper 1994, James et al. 1994, Hanpeter &
James 1995). In adipose tissue, GLUT4 mRNA and protein
levels are downregulated in the setting of obesity or type 2
diabetes in both rodents and humans (Graham & Kahn 2007).
By contrast, skeletal muscle GLUT4 expression remains intact
in these conditions, but alterations in the distribution of
GLUT4 between intracellular membranes and the plasma
membrane and in insulin-stimulated translocation to the
plasma membrane can result in impaired glucose transport
(Shepherd & Kahn 1999).
Genetically modifying GLUT4 expression to determine
the physiological consequences on glucose homoeostasis has

The inadequate response of the body to reduce high blood
glucose levels can lead to the development of type 2 diabetes.
This state of hyperglycaemia is contributed by three main
defects: increased glucose production from the liver, a
diminished capacity of the pancreas to secrete insulin and
impaired insulin action on muscle and fat (DeFronzo et al.
1992, Stumvoll et al. 2005). Studies have shown that the
primary defect in insulin action in individuals with type 2
diabetes resides predominantly within the skeletal muscle
(DeFronzo et al. 1981, Utriainen et al. 1998, Pendergrass et al.
2007). Skeletal muscle insulin resistance is apparent long
before the hyperglycaemia becomes evident (Warram et al.
1990), as demonstrated in lean, normal glucose-tolerant
offspring of parents with type 2 diabetes who have a similar
degree of reduced glucose uptake to that of their parents
(Gulli et al. 1992, Perseghin et al. 1997, Ferrannini et al. 2003,
Tripathy et al. 2003). Individuals with no family history of
diabetes but with accompanying metabolic abnormalities
such as obesity, hypertension, ischaemic heart disease,
dyslipidaemia and polycystic ovary syndrome have also
reported some degree of skeletal muscle insulin resistance
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been previously documented over the last two decades. In
light of the importance of GLUT4 in mediating insulinstimulated glucose uptake, genetic ablation of this gene would
be expected to have a severe effect on glucose homoeostasis.
However, the results from these studies have conveyed
different messages on glucose metabolism patterns. Mice
that have a complete ablation of GLUT4 do not develop
type 2 diabetes. In fact, these mice are growth retarded, have
significant cardiac hypertrophy, reduced body weight and
adiposity levels and are less sensitive to insulin action (Katz
et al. 1995). Studies using ex vivo muscle tissue from these mice
have shown normal glucose uptake into heart (Stenbit et al.
2000) but impaired uptake into skeletal muscle (Ryder et al.
1999b). In addition, conflicting results in mice with
50% GLUT4 deletion have also been reported. Rossetti
et al. (1997) showed that heterozygous knockout (KO) mice
developed severe insulin resistance in muscle in the face of
normal fasting glucose levels while Stenbit et al. (1997)
reported development of type 2 diabetes by 6 months of age,
which was associated with reduced glucose uptake into
muscle. To our knowledge, there has only been two models
of muscle-specific GLUT4 deletion published (Zisman et al.
2000, Kim et al. 2001, Kaczmarczyk et al. 2003). Zisman et al.
(2000) reported normal body weights and total body fat
but cardiac hypertrophy in the muscle-specific KO mice that
was associated with impaired insulin-stimulated glucose
uptake into muscle and adipose tissue as well as an impaired
suppression of hepatic glucose production and elevated fasting
glucose levels. The following year, the same authors
confirmed this finding using hyperinsulinaemic/euglycaemic
clamps (Kim et al. 2001). Our own laboratory has reported
that muscle-specific deletion of GLUT4 leads to reduced
insulin-stimulated glucose uptake into muscle but not into
adipose tissue. Moreover, these mice displayed normal
glucose uptake into heart when mice expressed O15% of
GLUT4 but glucose uptake became markedly reduced when
mice had !5% of normal levels (Kim et al. 2001,
Kaczmarczyk et al. 2003). Interestingly, the cardiac hypertrophy exhibited by other models was only evident in these
mice when they showed the lower level of GLUT4 expression
(Kaczmarczyk et al. 2003).
It seems from the earlier studies that deletion of GLUT4
did not always lead to hyperglycaemia nor the same level
of defective glucose uptake in the insulin-sensitive tissues
as may be expected from such an important molecule of
glucose metabolism. The different background strains of
the models may provide a valid explanation for these
variations in phenotype. All these models have been produced
on a mixed background with combinations of C57BL6/J,
SJL, SV-129, CBA, and CD1 strains with each strain
contributing various percentages to the overall background.
It is evident from the literature that different strains of mice
have inherent genetic differences that could play a significant
role on the physiological outcomes of manipulating genes
(Andrikopoulos et al. 2005). Thus, it cannot be excluded that
such differences in the phenotype of deleting GLUT4 could
Journal of Endocrinology (2012) 214, 313–327

be attributed to the peculiarity of the background strain. In
addition, in vitro studies using isolated muscles from the Glut4
null mice exhibited different capacities for insulin-stimulated
glucose uptake, with soleus muscle demonstrating increased
basal glucose uptake in male mice and normal basal and
insulin-stimulated uptake in female mice, while extensor
digitorum longus (EDL) muscle showed the expected
reduced basal and insulin-stimulated glucose uptake (Stenbit
et al. 1996).
Little is known about the compensatory mechanisms for
the absence of GLUT4, particularly in vivo, that could
explain the dissimilarity in glucose uptake patterns (Rossetti
et al. 1997, Stenbit et al. 1997, Zisman et al. 2000, Kim et al.
2001, Kaczmarczyk et al. 2003). This effectiveness of
compensation is therefore important to understand given
that type 2 diabetes is closely associated with impaired
glucose uptake. Our study, therefore, was designed to
determine the effects of absence of muscle-specific GLUT4
on glucose metabolism on a pure C57Bl6/J background and
to determine whether any compensatory mechanisms exist.
Herein, we report that absence of skeletal muscle GLUT4
does not cause any impairment in insulin-stimulated glucose
uptake in muscle. Conversely, in the hypertrophied heart,
complete GLUT4 ablation leads to significantly reduced
glucose uptake. We find that GLUT1 and GLUT12 protein
levels were not affected in skeletal muscle and heart tissue of
Glut4 KO mice. Our data suggest that GLUT4 deletion
does not impact on glucose uptake in the C57Bl6/J mouse
because other as yet unidentified mechanisms compensate
for its absence.

Materials and Methods
Animals
Muscle-specific Glut4 KO mice were produced using the
Cre/loxP system. The construct used for the generation of
the mice has been previously reported (Kaczmarczyk et al.
2003). Heterozygous floxed Glut4 mice, with the PGKNeoR selection cassette inserted at the end of exon 11, were
made on a C57Bl6/J background with exons 7–10 targeted
for deletion. These mice were mated with the a-actin Cre
mouse (also on a C57Bl6/J background) that confers deletion
specifically in skeletal muscle and heart. Progeny from this
mating (heterozygous for Glut4 and Cre (GLUT4loxC/K
CreC/K)) were brother–sister mated to obtain non-floxed
Glut4 mice with or without Cre (loxK/K) and floxed Glut4
mice with Cre (loxC/CCreC). The former being mice
with 100% GLUT4 expressed in muscles and served as
controls and the latter with a complete KO of GLUT4 from
muscles. Male and female mice at 11–12 weeks of age were
used in this study with the control (loxK/K) littermates to
the KO (loxC/CCreC) mice. The mice were housed in the
University of Melbourne, Department of Medicine Animal
Research Facility at the Austin Repatriation Hospital.
www.endocrinology-journals.org
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Lighting was artificial and timer controlled with a
12 h light:12 h darkness cycle. Room temperature was kept
constant at 22 8C. Mice were fed a standard laboratory chow
diet and water ad libitum. The standard non-purified chow
diet in pelleted form comprised (w/w) 3% of energy as fat,
77% of energy as carbohydrate and 20% of energy as protein
and was purchased from Barastock Products (Pakenham, Vic.,
Australia). For the high-fat (HF)-feeding studies, mice were
fed ad libitum a 60% HF diet for 6 weeks from 6 weeks of
age (60% of energy as fat, 20% energy as carbohydrate and
20% energy as protein), which and was purchased from
Specialty Feeds, Glen Forrest, WA, Australia. All animal work
was conducted according to relevant national and international guidelines and approved by the Austin Health
Animal Ethics Committee (AEC #A2007/02764). For all
glucose metabolism investigations, mice were tested in an
anaesthetised state as previously published (Kaczmarczyk et al.
2003, Lamont et al. 2003, 2006, Steinberg et al. 2006,
Andrikopoulos et al. 2008, Visinoni et al. 2008, Mangiafico
et al. 2011, Wong et al. 2011).

Surgery for basal and hyperinsulinaemic/euglycaemic clamp
studies
Mice were provided with 0.1 g food per 1.0 g body weight
the previous night at 1700 h to achieve a fasting period of
w6 h, with free access to water. Body weights were measured
before each physiological test at 0800 h, and mice were
anaesthetised with an i.p. injection of sodium pentobarbitone
at a dose of 100 mg/kg (Therapon, Burwood, Vic., Australia).
Surgery was performed to insert two single lumen
polyethylene catheters (0.30 mm ID!0.64 mm OD), one
into the right jugular vein for tracer and insulin infusion
and the other into the left carotid artery for blood sampling
as described previously (Lamont et al. 2006).

Tracer infusions
For both basal and hyperinsulinaemic/euglycaemic clamps,
all mice were infused with an initial 2 min priming dose
of radiolabelled glucose tracer [6-3H]glucose at a rate of
100 mBq/min in 0.9% saline followed by a constant infusion
of tracer at a rate of 5.5 mBq/min in 0.9% saline for the
duration of the experiment. Euglycaemia was maintained
using 1% glucose solution in 0.9% saline.

Basal turnover, hyperinsulinaemic/euglycaemic clamps and
glucose uptake into peripheral tissue
Basal turnover, hyperinsulinaemic/euglycaemic clamps and
peripheral glucose uptake into individual tissues (total
quadriceps, total gastrocnemius, heart, diaphragm and white
and brown adipose tissues (BAT)) under basal and insulinstimulated conditions were performed in KO and control
mice as described previously (Lamont et al. 2006).
www.endocrinology-journals.org
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Oral glucose tolerance test
For the determination of glucose tolerance, an oral glucose
tolerance test was performed on 6-h fasted mice, as described
previously (Andrikopoulos et al. 2008). In brief, mice were
anaesthetised with an i.p. injection of sodium pentobarbitone at
a dose of 100 mg/kg (Therapon) and surgery was performed to
insert a carotid catheter. A tracheotomy was performed to aid
with breathing. A bolus of glucose (2 g/kg) was delivered into
the stomach via a gavage needle (20-gauge, 38 mm long curved
with a 21⁄4 mm ball end, Able Scientific, Canning Vale, WA,
Australia). Blood (200 ml) was sampled at 0, 15, 30, 45, 60 and
120 min thereafter, centrifuged and stored at K20 8C until
analyses of plasma glucose and insulin levels. Red blood cells
were returned to the mice with equal volumes of heparinised
saline between each sample time to prevent anaemic shock.

RNA extraction and real-time PCR
Total RNA was extracted from white quadriceps, heart
and white adipose tissue (WAT) using standard Trizol
methodology and its concentration determined by spectrophotometry. RNA (1 mg) was reverse transcribed using the
RT-PCR Introductory System (Promega). Gene expression was evaluated using real-time PCR analyses using
TaqMan gene expression assay primers: Mm00441473_m1
Slc2a1 (Glut1), Mm00436615_m1 Slc2a4 (Glut4) and
Mm00619244_m1 Slc2a12 (Glut12) (Applied Biosystems,
Life Technologies, Carlsbad, CA, USA). For the housekeeping gene, rRNA was used (18s rRNA 4319413E)
(Applied Biosystems, Life Technologies). The PCR mixture
contained the primers, the fluorogenic probe mix and the
TaqMan Universal PCR Master mix (Applied Biosystems).
All amplification reactions were performed in duplicate.
Results were analysed with Applied Biosystems 7500 system
software. The relative quantification method was used to
assess the expression level of the target genes. This analysis
uses the 2^ (KDDCt) method, which is based on relative
quantification of the KO mice to the control mice as
previously published (Kebede et al. 2008, Visinoni et al. 2008,
2012, Mangiafico et al. 2011, Wong et al. 2011).

Western blotting
Tissues for GLUT4 expression were homogenised in lysis buffer
(20 mM Tris, 1 mM EDTA and 0.25 mM sucrose, pH 7.4) and
ultracentrifuged to obtain the membrane fraction. The amount
of protein in the homogenate was determined using the
Bio-Rad Protein Assay, based on the Bradford method using
Bio-Rad Quick Start BSA standards. Equivalent amounts of
protein (10 mg for heart, 30 mg for white quadriceps and 30 mg
for WAT) were resolved on a 12% SDS–PAGE and
electrophoretically transferred (semi-dry) onto a PVDF
membrane (Immobilon-P transfer membrane, Millipore,
Kilsyth, Vic, Australia). GLUT4 was detected using the Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) Glut4 (C-20)
Journal of Endocrinology (2012) 214, 313–327
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primary antibody (1:500 dilution in 5% BSA in TBS/T) and
subsequently probed with the polyclonal rabbit anti-goat
immunoglobulins/HRP secondary antibody (1:5000 dilution
in 5% BSA in TBS/T) (Dako Cytomation, Campbellfield, Vic,
Australia) and Pierce ECL Western Blotting Substrate. GLUT1
was detected using the monoclonal Glut1 primary antibody
from Abcam, Cambridge, MA, USA (1:5000 dilution in 5%
BSA in TBS/T) and subsequently probed with the polyclonal
rabbit anti-goat immunoglobulins/HRP secondary antibody
(1:5000 dilution in 5% BSA in TBS/T) (Dako Cytomation) and
A

Pierce ECL Western Blotting Substrate. Tissues for GLUT12
expression were processed using methods previously described
(Rogers et al. 2002, Macheda et al. 2003) and GLUT12
detected using a polyclonal antibody kindly donated by
Dr Suzanne Rogers, University of Melbourne, Department
of Medicine, St Vincents Hospital, Melbourne. Membranes
were exposed to Amersham Hyperfilm (GE Healthcare,
Buckinghamshire, UK) and were scanned and quantified
using a Bio-Rad gel doc and Quantity One software. India
Ink staining was used for the loading control.
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Figure 1 Glut4 mRNA expression levels normalised to 18s rRNA housekeeping gene and shown as change from control in quadriceps
(A), heart (C) and WAT (E) from control (loxK/K (black)) and Glut4 KO (loxC/CCreC (white)) mice at 12 weeks of age. GLUT4
protein expression levels in quadriceps (B), heart (D) and WAT (F) from control (loxK/K (black)) and Glut4 KO (loxC/CCreC
(white)) mice at 12 weeks of age. Data shown are pooled means of both males and females GS.E.M. (aP!0.05 vs loxK/K, nZ4–8).
Journal of Endocrinology (2012) 214, 313–327

www.endocrinology-journals.org
Downloaded from Bioscientifica.com at 01/08/2023 12:04:52AM
via free access

Normal glucose uptake and muscle GLUT4 deletion .

Statistical analysis
All data are presented as meanGS.E.M. For glucose metabolism
parameters, male and female data were pooled as no significant
differences were detected between the sexes as measured by
ANOVA. Homoeostasis model assessment of insulin resistance
(HOMA-IR) was calculated using the formula (fasting glucose
!fasting insulin)/22.4 as a surrogate measure of insulin sensitivity
as previously validated and published (Andrikopoulos et al. 2008).
Comparisons between single parameters measured were made
using the two-tailed, unpaired, Student’s t-test (Excel 2003 for
Windows). The trapezoidal rule was used to determine the area
under the curve (AUC). For differences between plasma glucose
and insulin levels during the glucose tolerance tests, a general
linear model ANOVA was used for comparison and a Tukey’s
post hoc t-test to determine significance (Minitab, 2007, Minitab,
Inc., Sydney, NSW, Australia). Significance was determined as
P!0.05 for all analyses.

Results
Glut4 mRNA expression
To confirm the level of deletion of GLUT4 in our mice,
we measured mRNA expression levels in whole quadriceps,
cardiac muscle (heart) and WATof the loxC/CCreC (Glut4
KO) and loxK/K control mice. Complete KO at the level
of mRNA was shown in the quadriceps of the Glut4
KO mice compared with the loxK/K (Fig. 1A; P!0.05).
In heart tissue, there was a very small level of Glut4 expression
in the Glut4 KO mice that was significantly lower compared
with the loxK/K mice (Fig. 1C). In WAT, there was
no significant difference in Glut4 mRNA expression in the
Glut4 KO mice (Fig. 1E).
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the quadriceps (Fig. 1B) and in the heart tissue (Fig. 1D).
In the WAT, GLUT4 protein levels were not statistically
different between the groups of mice (Fig. 1F).

Physiological assessment of Glut4 KO mice
Body weights of the Glut4 KO male mice were significantly
lower compared with loxK/K controls (P!0.05, Table 1).
When adiposity levels were assessed (Table 1), both gonadal
and subcutaneous fat depots were significantly reduced in the
Glut4 KO mice compared with the loxK/K control mice.
All other fat depots were statistically comparable in mass.
A similar body weight phenotype was also observed in
female Glut4 KO mice; however, only infra-renal mass was
significantly reduced compared with the loxK/K control
mice (Table 1). While absolute heart weights were not
significantly different between the groups, when corrected for
body weight the Glut4 KO mice exhibited a 23% increase in
heart size compared with the control mice (Table 1, P!0.05)
which was comparable to that of our previously published
study (Kaczmarczyk et al. 2003). As with the male mice,
female mice also shared the same cardiac hypertrophy when
corrected for body weight (Table 1).
Pooled male and female data surprisingly showed
significantly reduced 6-h fasting plasma glucose levels (by
19%) in the Glut4 KO mice compared with the loxK/K
control mice (Fig. 2A, P!0.05), while fasting plasma insulin
levels (Fig. 2B) were even more reduced (by 75%) compared
with loxK/K mice (P!0.005). When HOMA-IR was
calculated, the Glut4 KO mice had significantly reduced
values compared with the control mice (0.90G0.15 vs
0.2G0.03; control vs Glut4 KO, P!0.001), indicative of
increased insulin sensitivity (Andrikopoulos et al. 2008).

Glucose tolerance in Glut4 KO mice
GLUT4 protein expression
When protein levels were assessed by western blotting, we
found that GLUT4 was significantly reduced in the Glut4
KO mice (by 99%) compared with the loxK/K control in

Glucose tolerance was not impaired in the Glut4 KO mice
compared with the loxK/K control mice, as shown by the
similar glucose excursion pattern (Fig. 3A) and the resulting
AUCglucose (Fig. 3B). The small rise in plasma glucose levels at

Table 1 Body weight, absolute heart weight, corrected heart weight and adipose tissue mass (subcutaneous, infra-renal, gonadal and brown
adipose tissue) in male and female control (loxK/K) and Glut4 KO (loxC/CCreC) mice
Males

Body weight (g)
Heart weight (g)
Heart weight (g/kg)
Subcutaneous fat mass (g)
Infra-renal fat mass (g)
Gonadal fat mass (g)
Brown adipose mass (g)

Females

loxK/K (nZ15)

loxC/CCreC (nZ11)

loxK/K (nZ10)

loxC/CCreC (nZ13)

26.4G0.5
0.143G0.006
5.43G0.21
0.110G0.011
0.030G0.006
0.153G0.020
0.086G0.005

21.7G0.7*
0.153G0.006
6.52G0.68*
0.075G0.010*
0.022G0.013
0.091G0.013*
0.068G0.005

20.2G0.4
0.11G0.01
5.39G0.20
0.09G0.01
0.02G0.003
0.02G0.002
0.06G0.005

17.0G0.6*
0.13G0.01
7.63G0.64*
0.07G0.005
0.01G0.002*
0.02G0.01
0.06G0.01

*P!0.05 vs loxK/K.
www.endocrinology-journals.org
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P!0.05) but were not significantly different between the
groups. Rate of glucose disappearance (Rd; Table 2) was similar
between the Glut4 KO mice compared with the controls under
both basal and insulin-stimulated conditions. When the glucose
infusion rate (GIR) was measured (Table 2), the Glut4 KO mice
had significantly elevated GIR when compared with the
loxK/K control mice (P!0.05), implying insulin sensitivity
though EGP was not different between the two groups of mice
(74.58G9.21 vs 70.66G9.04 mmol/min per kg, loxK/K
control vs GLUT4 KO respectively). Together, the data
indicate that despite complete deletion of GLUT4 from
muscle, both MCR and Rd were not impaired.
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Figure 2 Plasma glucose (A) and plasma insulin (B) following a
6-h fast of control loxK/K (black) and Glut4 KO (loxC/CCreC
(white)) male mice at 12 weeks of age on a standard chow diet. Data
shown as meanGS.E.M. (aP!0.05 vs loxK/K, nZ11–25).

15 min post-administration in the control group can be
accounted for by the increase in plasma insulin levels at the
same time point (Fig. 3C), while in the Glut4 KO mice the
small rise in both plasma insulin and plasma glucose levels
suggest increased insulin sensitivity. Overall plasma insulin
levels in the Glut4 KO mice were significantly lower than
those in the loxK/K control mice, as reflected by the
AUCinsulin (Fig. 3C and D, respectively, P!0.05). This
supports the suggestion of enhanced insulin sensitivity and
is in agreement with our calculation of HOMA-IR.

Whole-body glucose kinetics of Glut4 KO mice
When whole-body glucose kinetics was measured under
steady-state conditions (Fig. 4A), metabolic clearance rate
(MCR) under basal conditions was significantly different
between the Glut4 KO and loxK/K control mice (Table 2,
P!0.05). Following insulin stimulation (when plasma glucose
and plasma insulin levels were matched (Table 2) and
steady state achieved (data not shown)), both groups of mice
significantly increased their clearance from basal (Table 2,
Journal of Endocrinology (2012) 214, 313–327

Tissue-specific glucose uptake in Glut4 KO mice
Glucose uptake into both skeletal muscle types (quadriceps
(Fig. 4B) and gastrocnemius (Fig. 4C)) was significantly
elevated following insulin stimulation from basal levels in both
the Glut4 KO and loxK/K control mice. Under both basal
and insulin-stimulated conditions, glucose uptake into these
muscle types was comparable between Glut4 KO and control
mice. In heart muscle (Fig. 4D), basal uptake was not
significantly different in the Glut4 KO mice compared with
the loxK/K control mice, but following insulin stimulation,
the Glut4 KO mice did not take up as much glucose as the
loxK/K control mice (P!0.05), even though the levels
were significantly raised from basal (P!0.05). With respect to
the diaphragm (Fig. 4E), both groups had elevated uptake in
response to insulin compared with basal (P!0.05) with the
Glut4 KO mice demonstrating a greater uptake under basal
conditions compared with the loxK/K control mice
(P!0.05), but not following insulin stimulation. Elevated
glucose uptake into adipose tissue showed that both WAT and
BAT responded to insulin stimulation compared with basal
turnover (Fig. 4F and G respectively, P!0.05). WAT was
similar in the basal state between the Glut4 KO and loxK/K
control mice and was significantly elevated in the KO mice
following insulin stimulation (Fig. 4F, P!0.05). BAT
demonstrated reduced uptake basally but no difference
following insulin stimulation (Fig. 4G). Together, these
results suggest that in the absence of muscle GLUT4, there
is still considerable ability to transport glucose in both muscle
and adipose tissue.

Glut1 and Glut12 mRNA expression in Glut4 KO mice
Given that the Glut4 KO mice showed normal glucose
uptake, there was an inference for a compensatory response
from other GLUTs. Therefore, we measured mRNA
expression of the other transporters known to be expressed
in muscle and fat: Glut1 and Glut12. Figure 5A shows that
quadriceps Glut1 mRNA levels were significantly elevated in
the Glut4 KO mice (P!0.05) while Glut12 remained
unchanged. When heart tissue expression was measured
(Fig. 5B), we surprisingly found no differences in either Glut1
or Glut12 levels in the Glut4 KO mice compared with the
www.endocrinology-journals.org
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Figure 3 Plasma glucose excursion levels following an OGTT (2 g/kg glucose, 6 h fast) (A) and the total AUCglucose over 120 min (B) from
control (loxK/K (black)) and Glut4 KO (loxC/CCreC (white)) mice at 12 weeks of age. Plasma insulin levels following an OGTT (C) and
the total AUCinsulin over 120 min (D) from control (loxK/K (black)) and Glut4 KO (loxC/CCreC (white)) mice at 12 weeks of age.
Data shown are pooled mean of both males and females GS.E.M. (aP!0.05 vs loxK/K, nZ5–14).

loxK/K control mice. Expression in WAT also showed no
differences in either Glut1 or Glut12 levels in the Glut4 KO
mice (Fig. 5C). To confirm the mRNA expression data,
we performed western blot analysis in both quadriceps and
heart. Despite elevated Glut1 mRNA expression, protein
expression was not different between the strains in either the
quadriceps (Fig. 6A) or the heart tissue (Fig. 6B). Similarly,
with GLUT12, there were no differences in the protein levels
of this transporter in either the quadriceps (Fig. 6C) or the
heart (Fig. 6D).

Glucose tolerance in Glut4 KO mice following HF feeding
As we found normal glucose tolerance in the Glut4 KO mice
under chow-fed conditions, we wanted to determine whether
these mice would be protected against HF-induced glucose
intolerance in a separate cohort of mice. Following 6 weeks
of HF feeding, Glut4 KO male mice still weighed significantly less than the loxK/K control mice (19.3G1.1 vs
22.9G0.7 g, respectively, P!0.05) with the same pattern
seen in the female mice (data not shown). However, WAT
mass across all three depots was not significantly different
between the two groups. Plasma glucose levels at baseline
(pooled male and female data) were not significantly different
www.endocrinology-journals.org

between HF-fed Glut4 KO and the loxK/K mice (Fig. 7A);
however, plasma insulin levels were significantly higher in the
Glut4 KO mice compared with the loxK/K control mice
(Fig. 7B, P!0.05). When HOMA-IR was calculated, the
Glut4 KO mice had significantly higher values compared with
the control mice (0.80G0.08 vs 0.58G0.07; Glut4 KO vs
control, P!0.05), indicative of reduced insulin sensitivity.
During the oral glucose tolerance test (OGTT), the Glut4
KO mice maintained the same glucose excursion pattern as
the loxK/K control mice (Fig. 7C), which was reflected in
the similar AUCglucose (Fig. 7D). Interestingly, when plasma
insulin levels were measured during these times, the Glut4
KO mice displayed increased levels at 60 and 120 min
(Fig. 7E) with an overall significant increase in the total
AUCinsulin (Fig. 7F, P!0.05). The data suggest that Glut4
KO mice were not protected against HF-fed induced
insulin resistance.

Discussion
Skeletal muscle insulin resistance is a key characteristic underpinning type 2 diabetes. Reductions in the
insulin-stimulated responsiveness of the glucose transporter,
Journal of Endocrinology (2012) 214, 313–327
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Table 2 Plasma glucose, plasma insulin and GIR following the hyperinsulinaemic/euglycaemic clamp (insulin-stimulated conditions). MCR
and Rd under basal and insulin-stimulated conditions in control (loxK/K) and Glut4 KO (loxC/CCreC) mice
Basal

Clamp plasma glucose (mmol/l)
Clamp plasma insulin (ng/ml)
Clamp GIR (mmol/min per kg)
MCR (ml/min per kg)
Rd (mmol/min per kg)

Insulin stimulated

loxK/K (nZ8)

loxC/CCreC (nZ10)

loxK/K (nZ9)

loxC/CCreC (nZ10)

–
–
–
9.62G0.78
74.77G7.17

–
–
–
14.18G0.97*
87.20G2.39

7.11G0.50
3.20G1.03
17.02G3.68
19.25G5.34†
96.69G6.25†

6.09G0.45
4.03G1.14
39.73G7.06*
21.01G1.97†
110.37G8.13†

*P!0.05 vs loxK/K and †P!0.05 vs basal.

GLUT4, is synonymous with a reduced ability for adequate
glucose disposal. We have shown that complete deletion of
GLUT4 protein from skeletal muscle using Cre-recombinase
under the control of the a-actin promoter was associated with
normal basal and insulin-stimulated glucose uptake in this
tissue and normal glucose tolerance. This surprising result
indeed opposes what is currently known about GLUT4
deficiency and impaired glucose uptake (Zisman et al. 2000,
Kim et al. 2001, Kaczmarczyk et al. 2003). However, our
finding of an upregulation of Glut1 mRNA but not GLUT12
in the quadriceps of the KO mice suggests that this
phenomenon is real and that other GLUTs compensate for
the absence of GLUT4 in skeletal muscle. Interestingly, in
heart, glucose uptake was attenuated in the complete absence
of GLUT4 which may be due to the lack of compensation
from other GLUTs. Our results therefore suggest that normal
glucose uptake specifically in skeletal muscle can still occur in
the absence of GLUT4 and that compensation from other
unidentified GLUT(s) may be the driving mechanism.
Absence of GLUT4 affected both fasting plasma glucose
and plasma insulin levels, with our KO mice clearly exhibiting
reduced levels of both compared with control mice that
express 100% GLUT4. This is in contrast to the increased
plasma levels demonstrated in earlier muscle Glut4 KO mouse
models (Zisman et al. 2000, Kim et al. 2001, Kaczmarczyk
et al. 2003) and may be due to the differences in background
strain on which our KO mice are bred and the duration
of fasting used before experiments were performed. Our
previous Glut4 KO mice were on a mixed background
(56 . 25% C57Bl6/J, 37 . 5% 129Sv and 6. 25% CBA
(Kaczmarczyk et al. 2003)) and were compared to pure
C57Bl6/J wild-type mice. Similarly, the studies by Zisman
et al. (2000) and Kim et al. (2001) generated KO and wildtype mice that were on a mixed 129Sv and C57Bl6/J
background. Our current mice are on the pure isogenic
C57Bl6/J background. With the use of such mixed backgrounds, it is impossible to determine the amount that each of
the strains is contributing to the overall phenotype (Funkat
et al. 2004, Andrikopoulos et al. 2005, Wong et al. 2010),
whether it was due to the SV129 genes or C57Bl6/J genes or
to an equal contribution from both strains. In addition, we
(Andrikopoulos et al. 2008) and others (Dohm 2002) have
www.endocrinology-journals.org

shown that the duration of fasting can have a significant effect
on glucose tolerance and insulin sensitivity in the mouse.
In the previous studies, overnight fasting was employed
before physiological assessment was performed (Zisman et al.
2000, Kim et al. 2001, Kaczmarczyk et al. 2003), while in the
current study, we fasted the mice for 6 h. The longer duration
of fasting has been shown to increase insulin sensitivity
(Dohm 2002, Andrikopoulos et al. 2008) and may likely
exaggerate differences in insulin sensitivity between Glut4
KO and control mice that were seen previously. These critical
differences between the studies are reasons why we pursued
this work. The reduced levels of plasma glucose and plasma
insulin suggest that the KO mice may in fact be sensitive to
insulin. HOMA-IR calculations, which have previously been
validated as an appropriate marker for insulin sensitivity in
the mouse (Andrikopoulos et al. 2008), in fact showed a
significant reduction in the KO mice compared with control
mice. Hyperinsulinaemic/euglycaemic clamps confirmed this
enhanced sensitivity with the GIR higher in the KO mice
leading to the same level of suppression of endogenous
glucose production as the control mice. As a result of this
increased sensitivity, the plasma insulin excursion during the
glucose tolerance test was lower in the KO mice. Our results
therefore clearly show that a lack of muscle-specific GLUT4
does not perturb glucose homoeostasis as would have been
expected and previously reported (Zisman et al. 2000, Kim
et al. 2001, Kaczmarczyk et al. 2003). Some would suggest that
the differences in the Cre mouse used may have contributed
to the effects (MCK-Cre used in the Kim et al. and Zisman
et al. studies (Zisman et al. 2000, Kim et al. 2001) and a-actin
Cre used by our laboratory (Kaczmarczyk et al. 2003)).
However, our current results demonstrate that this is not the
case given we used the same Cre line in both studies from our
laboratory. These intriguing results therefore support our
argument that the background strain and duration of fasting
together play critical roles in the way the body metabolises
glucose. The finding that the KO mice are significantly lighter
and have less subcutaneous and gonadal fat mass may be a
possible contribution to this sensitivity. The previous musclespecific KO model showed normal body weight and adiposity
levels despite altered glucose metabolism (Zisman et al. 2000,
Kim et al. 2001, Kaczmarczyk et al. 2003). Interestingly, this
Journal of Endocrinology (2012) 214, 313–327
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Figure 5 mRNA expression levels of Glut1 (gray bars) and Glut12
(black bars) in whole quadriceps (A), heart (B) and WAT (C) from
control (loxK/K (black)) and Glut4 KO (loxC/CCreC (white))
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lean phenotype was reported in mice with a global deletion of
GLUT4 (Katz et al. 1995, Fueger et al. 2007). The
mechanisms for this reduced body weight in our KO model
are not known and may be due to differences in food intake or
physical activity levels or a reduction in lean body mass.
Our results indicated that deletion of GLUT4 did not alter
the MCR and that the KO mice behaved similarly to insulin
stimulation as the control mice. This was reflected in the
ability of the mice to effectively dispose of glucose both basally
and in response to insulin into quadriceps and gastrocnemius
muscle, like that of the control mice. Surprisingly, while there
were similar levels of basal glucose uptake in the hearts of the
KO mice, insulin stimulation was not as marked compared
with the control mice. Furthermore, uptake into WAT was
clearly augmented in response to insulin in the KO mice. This
increased disposal of glucose into adipose tissue has been
previously reported in muscle-specific Glut4 KO mice (Kim
et al. 2001) with reduced glucose uptake into muscle and was
suggested as a compensatory response to this muscle defect.
However, our previous study showed no difference in glucose
uptake into fat (Kaczmarczyk et al. 2003) despite the
attenuated muscle glucose uptake. The lower body weight
and adipose tissue mass in our current KO mice likely
contributes to this improved sensitivity perhaps through
direct action on the adipose tissue or via its effects on
improving whole-body insulin sensitivity (reduced basal
plasma glucose and plasma insulin, increased GIR, normal
MCR and Rd). It is very likely that the marked differences in
background strain of the KO and wild-type control mice and
the duration of fasting (overnight vs 6 h) from the previous
studies and our study will influence the way the mice handle
glucose uptake in muscle and fat in response to insulin.
Together, our data strongly imply that other GLUTs may
be compensating for the deletion in GLUT4 in order to
maintain normal glucose homoeostasis and protect the mice
from hyperglycaemia. It also appears that this may be tissue
specific given that the muscles maintained normality while
the heart exhibited reduced transport ability.
To this end, we investigated two of the transporters known
to be expressed in insulin-responsive tissues: GLUT1 and
GLUT12. GLUT1 is classically thought to be predominantly involved in basal glucose uptake (Marshall et al. 1993,
Robinson et al. 1993, Ciaraldi et al. 2005) in heart muscle
(Carruthers et al. 2009), skeletal muscle (Marette et al. 1992,
Kraegen et al. 1993, Handberg et al. 1994, Ciaraldi et al. 2005)
and adipose tissue (Kahn 1994). There has also been evidence
suggesting that GLUT1 is insulin regulatable, like GLUT4
(Koivisto et al. 1991, Wilson et al. 1995, Laybutt et al. 1997).
We found Glut1 mRNA levels to be significantly increased in
the quadriceps of the KO mice but were not different in either
the heart or the fat tissue to that of the control mice. This
appears consistent with our results of normal basal glucose
uptake in quadriceps and suggests that in the heart and fat,
there is no requirement for more GLUT1 to maintain normal
basal glucose uptake. GLUT12, which has been viewed as a
second insulin-sensitive glucose transport system due to its
www.endocrinology-journals.org
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Figure 6 GLUT1 protein expression levels in whole quadriceps (A) and heart (B) from control (loxK/K (black)) and Glut4 KO
(loxC/CCreC (white)) mice at 12 weeks of age. GLUT12 protein expression levels in whole quadriceps (C) and heart (D) from control
(loxK/K (black)) and Glut4 KO (loxC/CCreC (white)) mice at 12 weeks of age. Data shown are pooled mean of both males and females
GS.E.M. (nZ4).

close homology and translocation activities with GLUT4
(Rogers et al. 2002, Stuart et al. 2009, Purcell et al. 2011), was
expected to be elevated in the quadriceps of the KO mice and
thus explains the normal insulin-stimulated glucose uptake.
However, GLUT12 levels did not increase at either the gene
or protein level. It is possible that as we measured this protein
in whole tissue homogenate, there may be an increase in the
translocation efficiency of GLUT12 from the cytoplasm to
the surface, that with our current technique we could not
capture. Furthermore, we also cannot discount the possibility
of the presence of other unidentified GLUTs that may
contribute to these observations. Previous studies using
isolated muscle tissue (EDL and soleus) from GLUT4 null
mice demonstrated different glucose uptake capacities under
basal and insulin-stimulated conditions (Stenbit et al. 1996).
The study by Stenbit et al. (1996) clearly demonstrated,
in vitro, glucose uptake both basally and following insulin
stimulation in soleus muscle from the null mice compared
with the control mice with EDL showing the expected
impaired glucose uptake. The authors concluded that
unknown novel GLUTs may be specifically expressed in the
soleus muscle of the Glut4 null mice to elicit these effects.
www.endocrinology-journals.org

Moreover, a study by Ryder et al. further demonstrated a
dose-dependent inhibition of glucose transport activity in
soleus muscle from Glut4 null mice through cytochalasin B
in vitro. While we did not directly measure glucose uptake
in vitro in these specific muscle types from our KO mice,
the evidence presented by these earlier studies support our
idea of the existence of novel GLUT4-independent
transporter system(s) (Ryder et al. 1999a, Charron et al. 2005).
However, neither these early studies nor our own have
identified these potential transporters. Whatever the explanation, the results clearly show that alternative GLUTs
or increased activation of the existing transporters may be
involved in maintaining normal glucose disposal in the muscles
of our Glut4-deficient mice.
To our knowledge, there have been no specific studies
performed to assess the impact of feeding a HF diet to mice
deficient in GLUT4, either at a whole-body level or
specifically in the muscle. Given that our results demonstrated
normal glucose tolerance under normal chow-fed conditions,
we sought to examine what the overall effects of such a diet
would be in our mice; would the KO mice maintain normal
glucose tolerance or succumb to the deleterious effects of the
Journal of Endocrinology (2012) 214, 313–327
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Figure 7 Plasma glucose (A) and plasma insulin (B) following a 6-h fast in mice fed a HF diet for 6 weeks from 6 weeks of age (12 weeks
of age). Plasma glucose excursion levels following an OGTT (2 g/kg glucose, 6-h fast) (C) and the total AUCglucose over 120 min (D) from
control (loxK/K (black)) and Glut4 KO (loxC/CCreC (white)) mice fed a HF diet for 6 weeks from 6 weeks of age (12 weeks of age).
Plasma insulin levels following an OGTT (E) and the total AUCinsulin over 120 min (F) from control (loxK/K (black)) and Glut4 KO
(loxC/CCreC (white)) mice fed a HF diet for 6 weeks from 6 weeks of age (12 weeks of age). Data shown are pooled means of both
males and females GS.E.M. (aP!0.05 vs loxK/K, nZ5–12).

diet? Our work is the first to show that exposure to a HF diet
for 6 weeks does not worsen glucose tolerance in the Glut4
KO mice compared with control mice. In fact, the KO mice
had higher plasma insulin levels during the OGTT that
contributed to the maintenance of normal glucose tolerance.
Therefore, our results demonstrate that following a HF
diet, the KO mice hypersecreted insulin to maintain the same
level of glucose as that of the control mice, indicative of
insulin resistance.
Exercise-induced glucose uptake into skeletal muscle is
primarily dependent on the amount of GLUT4 present and
Journal of Endocrinology (2012) 214, 313–327

its ability to translocate to the cell surface in response to
muscle contraction (Dohm 2002). While our study showed
unimpaired whole-body glucose metabolism in anaesthetised
Glut4 KO mice compared to their littermate controls on
a chow diet using different approaches, we do not know
what effects deleting GLUT4 from the muscle has on
exercise-induced glucose disposal in our KO mice. The use
of anaesthesia is indeed a limitation in this assessment and we
could speculate that lacking GLUT4 may have a profound
effect on glucose uptake given that our HF-feeding studies
highlight that stressing the system in the KO mice can
www.endocrinology-journals.org
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promote insulin resistance. To properly determine whether
this is the case, glucose uptake in the conscious Glut4 KO and
littermate controls needs to be tested.
We can conclude from our study that deletion of muscle
GLUT4 on the pure C57BL6/J background strain resulted in
normal whole-body glucose disposal and tolerance and is in
contrast to previous studies using a mixed strain background.
We (in conjunction with others) speculate that given the
normal protein levels of GLUT1 and GLUT12, other
unidentified GLUTs are increased (or their intrinsic activity
is enhanced) to compensate for the lack of GLUT4 and
contribute to the unperturbed glucose homoeostasis.
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