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The aim of the present study was to determine the

specific sites of impairment to muscle glucose uptake

(MGU) in the insulin-resistant high-fat–fed, conscious

C57BL/6J mouse. Wild type (WT) and hexokinase II

overexpressing (HKTg) mice were fed either a standard

diet or high-fat diet and studied at 4 months of age. A

carotid artery and jugular veins had catheters chroni-

cally implanted for sampling and infusions, respectively,

and mice were allowed to recovery for at least 5 days.

Mice were fasted for 5 h and underwent a hyperinsuline-

mic-euglycemic clamp or saline infusion for 120 min.

Separate groups of mice were studied during 30-min

sedentary or treadmill exercise periods. A bolus of

2-deoxy[3H]glucose was administered 25 min before the

end of each study for determination of Rg, an index of

tissue-specific glucose uptake. Fasting blood glucose

was increased in high-fat compared with standard diet–

fed WT (194 � 4 vs. 171 � 4 mg/dl) but not HKTg (179 �
5 vs. 171 � 3 mg/dl) mice. High-fat feeding created

hyperinsulinemia in both WT and HKTg mice (58 � 8 and

77 � 15 �U/ml) compared with standard diet–fed mice

(21 � 2 and 20 � 1 �U/ml). Rg was not affected by

genotype or diet during either saline infusion or seden-

tary conditions. HK II overexpression augmented insu-

lin-stimulated Rg in standard diet–fed but not high-fat–

fed mice. Exercise-stimulated Rg was impaired by high-

fat feeding in WT mice, but this impairment was largely

rectified in HKTg mice. In conclusion, high-fat feeding

impairs both insulin- and exercise-stimulated MGU, but

only exercise-stimulated MGU was corrected by HK II

overexpression. Diabetes 53:306–314, 2004

I
nsulin resistance induced by high-fat feeding is
characterized by a decrease in insulin-stimulated
glucose disposal (1–3). The impaired glucose dis-
posal is likely to be due to deficits in one or more of

the steps required for skeletal muscle glucose uptake
(MGU). Specifically, these steps are 1) delivery of glucose
to the muscle membrane, 2) facilitated transport across
the muscle membrane, and 3) intracellular phosphoryla-
tion to glucose-6-phosphate (G6P) by a hexokinase (HK)
isozyme. It is difficult, in the context of the whole animal,
to elucidate which sites of the glucose uptake pathway are
functionally altered by high-fat feeding. One approach is to
alter protein levels by transgenic manipulation and mea-
sure the effect on glucose flux. Physiological stimuli can
then be applied to better expose perturbations caused by
a transgene. For example, overexpressing HK II in skeletal
muscle increases glucose phosphorylation capacity and
results in increased MGU in high-flux states created by
insulin stimulation or exercise in standard diet–fed FVB/
NJ mice but not under basal glucose flux conditions (4).

Transgenic manipulation can also isolate sites of impair-
ment to MGU in insulin-resistant states, and high-flux
states (e.g., insulin stimulation and exercise) can be used
to amplify the signal resulting from such a deficit. In the
present study, exercise and insulin were used in combina-
tion with HK II overexpression to determine the role of
glucose phosphorylation in the impairment of MGU asso-
ciated with the insulin resistance of the high-fat–fed
C57BL/6J mouse (5,6). Previous investigations in the con-
scious rat have suggested that high-fat feeding leads to a
functional impairment in muscle glucose phosphorylation
(7). Therefore, it was hypothesized that impaired MGU
resulting from high-fat feeding would be exposed in high-
flux states and could be corrected by HK II overexpres-
sion. The unique surgical catheterization used in this study
allows for these hypotheses to be tested in the conscious,
unrestrained mouse. Determining the site(s) of impair-
ment of MGU manifested by high-fat feeding will provide
insight to the pathogenesis of insulin resistance and lead
to the identification of potential therapeutic targets.

RESEARCH DESIGN AND METHODS

All procedures performed were approved by the Vanderbilt University
Animal Care and Use Committee. Male FVB/NJ mice that selectively overex-
press HK II in skeletal muscle were obtained from Dr. David E. Moller (8) and
backcrossed onto the C57BL/6J background for at least five generations. The
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HK II transgene is composed of the human HK II cDNA driven by the rat
muscle creatine kinase promoter and yields a three-, five-, and sevenfold
increase in HK activity in the soleus, gastrocnemius, and superficial vastus
lateralis (SVL) muscles, respectively. This degree of overexpression is within
the normal physiological range of HK activity in skeletal muscle (9,10). Male
mice carrying the HK II transgene (HKTg) were subsequently bred with
wild-type (WT) female mice. After a 3-week weaning period, littermates were
separated by sex and maintained in microisolator cages. Genotyping for the
HK II transgene was performed on genomic DNA obtained from a tail biopsy
with the PCR as previously described (4). Mice were fed either a standard diet
or a high-fat diet ad libitum and were studied at �4 months of age. The high-fat
diet contains 35.5% fat (Diet F3282; Bio-Serv, Frenchtown, NJ). This model of
dietary-induced insulin resistance creates both fasting hyperglycemia and
hyperinsulinemia and thus is a reasonable model for the human condition (5,6).
Surgical procedures. The surgical procedures were the same as those
described previously (4,11,12). Mice were anesthetized with pentobarbital (70
mg/kg body wt). The left common carotid artery was catheterized for sampling
with a two-part catheter consisting of PE-10 (inserted into the artery) and
silastic (0.025 in outer diameter [OD]). The right jugular vein was catheterized
for infusions with a silastic catheter (0.025 in OD). The free ends of catheters
were tunneled under the skin to the back of the neck, where they were
attached via stainless steel connectors to tubing made of Micro-Renathane
(0.033 in OD), which were exteriorized and sealed with stainless steel plugs.
Lines were flushed daily with �50 �l of saline containing 200 units/ml heparin
and 5 mg/ml ampicillin. Animals were individually housed after surgery, and
body weight was recorded daily.
In vivo metabolic experiments. Metabolic experiments were performed as
previously described (4) and were conducted after a postoperative recovery
period of either �5 days for hyperinsulinemic-euglycemic clamp experiments
or �7 days for exercise experiments. The recovery period was a sufficient
time for body weight to be restored within 10% of presurgery body weight. For
metabolic studies, conscious, unrestrained mice were placed in an �1-l plastic
container lined with bedding and fasted for 5 h. Approximately 1 h before an
experiment, Micro-Renathane (0.033 in OD) tubing was connected to the
catheter leads and infusion syringes. After a 1-h acclimation period, a baseline
arterial blood sample (150 �l) was drawn for the measurement of arterial
blood glucose, hematocrit, and plasma insulin and nonesterified fatty acids
(NEFAs). The remaining erythrocytes were washed with 0.9% heparinized
saline and reinfused.
Hyperinsulinemic-euglycemic clamp experiments. For hyperinsulinemic-
euglycemic clamp and saline control experiments, an infusion of saline (n �
11 WT standard diet–fed; 11 HKTg standard diet–fed; 7 WT high-fat–fed; 7 HKTg

high-fat–fed) or 4 mU � kg�1 � min�1 insulin (n � 14 WT standard diet–fed; 11
HKTg standard diet–fed; 10 WT high-fat–fed; 8 HKTg high-fat–fed) was begun at
a rate of 1.375 �l/min at t � �90 min. Euglycemia was maintained during
insulin experiments by frequently measuring arterial blood glucose (�5 �l;
HemoCue, Mission Viejo, CA) and infusing 50% dextrose as necessary. Mice
received saline-washed erythrocytes from a donor mouse as needed to
prevent a marked fall in hematocrit (�5%). At t � 0 min, an arterial blood
sample (150 �l) was obtained and processed as the baseline blood sample. At
t � 5 min, a 12-�Ci bolus of 2-deoxy[3H]glucose ([2-3H]DG) was administered
to determine Rg, an index of tissue-specific glucose uptake. At t � 7, 10, 15,
and 20 min, arterial blood (�50 �l) was sampled to determine arterial blood
glucose and plasma [2-3H]DG. At t � 30 min, a final arterial blood sample (150
�l) was withdrawn and processed as the baseline blood sample with the
addition of the determination of plasma [2-3H]DG, and mice were anesthetized
with an infusion of sodium pentobarbital. The gastrocnemius (�6% type IIA,
�11% type IID, �83% type IIB fibers), SVL (�3% type IIA, �10 type IID, �87%
type IIB fibers), and soleus (�44% type I, �51% type IIA, �5% type IID fibers)
muscles (13) were excised, immediately frozen in liquid nitrogen, and stored
at �70°C until future tissue analysis.
Exercise experiments. For exercise and sedentary control experiments,
mice were acclimated to treadmill running with a single 10-min bout of
exercise (0.5–0.6 mph, 0% grade) �5 days postsurgery. Experiments were
performed 2 days after the treadmill acclimation trial. After the baseline
arterial blood sampling, mice either remained sedentary (n � 9 WT standard
diet–fed; 12 HKTg standard diet–fed; 7 WT high-fat–fed; 8 HKTg high-fat–fed) or
ran (n � 9 WT standard diet–fed; 10 HKTg standard diet–fed; 8 WT high-fat–
fed; 8 HKTg high-fat–fed) on a motorized treadmill (0.6 mph, 0% grade) for 30
min. At t � 5 min, a 12-�Ci bolus of [2-3H]DG was administered to determine
Rg. At t � 10, 15, and 20 min, arterial blood (�50 �l) was sampled to determine
blood glucose and plasma [2-3H]DG. At t � 30 min, a final arterial blood
sample (150 �l) was taken and processed as the baseline blood sample with
the addition of the determination of plasma [2-3H]DG, mice were anesthetized,
and muscles were excised as described for the clamp studies.

Processing of plasma and muscle samples. Immunoreactive insulin was
assayed with a double-antibody method (14). NEFAs were measured spectro-
photometrically by an enzymatic colorimetric assay (Wako NEFA C kit; Wako
Chemicals, Richmond, VA). After deproteinization with barium hydroxide
[Ba(OH)2, 0.3 N] and zinc sulfate [ZnSO4, 0.3 N], [2-3H]DG radioactivity of
plasma was determined by liquid scintillation counting (Packard TRI-CARB
2900TR; Packard, Meriden, CT) with Ultima Gold (Packard) as scintillant.
Muscle samples were weighed and homogenized in 0.5% perchloric acid.
Homogenates were centrifuged and neutralized with KOH. One aliquot was
counted directly to determine [2-3H]DG and [2-3H]DG-6-phosphate ([2-
3H]DGP) radioactivity. A second aliquot was treated with Ba(OH)2 and ZnSO4

to remove [2-3H]DGP and any tracer incorporated into glycogen (15) and then
counted to determine [2-3H]DG radioactivity. [2-3H]DGP is the difference
between the two aliquots. In all experiments, the accumulation of [2-3H]DGP
was normalized to tissue weight.

Muscle glycogen was determined by the method of Chan and Exton (16) on
the contralateral gastrocnemius and SVL muscles. Soleus glycogen could not
be determined because both of the small muscles were used to assay for
[2-3H]DG and [2-3H]DGP. After deproteinization with 0.5% perchloric acid,
tissue glucose and G6P were measured enzymatically (17) and expressed as
millimoles per liter tissue water.
Calculations. Rg was calculated by the equation (18)

Rg �
[2-3H]DGPtissue

AUC [2-3H]DGplasma
� glucoseplasma (1)

where [2-3H]DGPtissue is the [2-3H]DGP radioactivity in the muscle in dpm/g,
AUC [2-3H]DGplasma is the area under the plasma [2-3H]DG disappearance
curve in dpm � ml�1 � min�1, and glucoseplasma is the average blood glucose in
mmol/l during the experimental period.
Statistical analysis. Data are presented as mean � SE. Differences between
groups were determined by ANOVA. The significance level was set at P � 0.05.

RESULTS

Baseline descriptive characteristics for 5-h–fasted mice
are reported in Table 1. HK II overexpression had no effect
on body weight. High-fat feeding increased body weight by
�10 g in both WT and HKTg mice. Baseline arterial blood
glucose, insulin, and NEFA concentrations were not influ-
enced by HK II overexpression. High-fat feeding increased
arterial blood glucose in WT mice and caused hyperinsu-
linemia. HK II overexpression protected mice against
diet-induced fasting hyperglycemia but not hyperinsulin-
emia. NEFAs were not altered by high-fat feeding regard-
less of genotype.
Hyperinsulinemic-euglycemic clamp experiments. All
measurements were made after 90 min of saline or insulin
infusion to ensure steady-state conditions. Arterial blood
glucose was not affected by high-fat feeding or HK II
overexpression in saline-infused mice (Fig. 1A). Arterial
blood glucose was similar in all groups during the hyper-
insulinemic-euglycemic clamp experiments (Fig. 1B). In
addition, there were no detectable differences in arterial
blood glucose between saline- and insulin-infused mice.

The glucose infusion rates (GIRs) required to maintain
euglycemia averaged for the final 30 min of the experiment

TABLE 1
Baseline characteristics of all mice studied

Standard diet High-fat diet
WT HKTg WT HKTg

n (male/female) 43 (24/19) 44 (22/22) 32 (15/17) 32 (17/15)
Body weight (g) 26 � 1 25 � 1 35 � 1* 36 � 1*
Glucose (mg/dl) 171 � 4 171 � 3 194 � 4* 179 � 5†
Insulin (�U/ml) 21 � 2 20 � 1 58 � 8* 77 � 15*
NEFA (mmol/l) 1.5 � 0.1 1.5 � 0.1 1.6 � 0.1 1.6 � 0.1

*P � 0.001 vs. standard diet–fed mice; †P � 0.001 vs. high-fat–fed
mice.
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are reported in Fig. 2. GIR was increased by HK II
overexpression in standard diet–fed mice, but this in-
crease was not statistically significant (67 � 8 vs. 58 � 3
mg � kg�1 � min�1; P � 0.11). High-fat feeding decreased
GIR, and HK II overexpression was unable to correct the
reduced GIR associated with high-fat feeding.

Disappearance of [2-3H]DG from arterial plasma is
shown in Fig. 3. Neither genotype nor diet significantly
altered the disappearance of [2-3H]DG in saline-infused
mice. The disappearance of [2-3H]DG was increased in
insulin- compared with saline-infused mice irrespective of
genotype or diet. Standard diet–fed HKTg mice had an
accelerated [2-3H]DG disappearance compared with stan-
dard diet–fed WT and high-fat–fed HKTg mice during
insulin infusion.

Rg’s for the gastrocnemius, SVL, and soleus muscles
during saline and insulin infusions are shown in Fig. 4.
There were no differences in Rg when saline alone was
infused. Rg was significantly increased during insulin infu-
sion in all muscles regardless of genotype or diet. HK II
overexpression augmented the insulin-stimulated Rg in
all muscles of standard diet–fed mice. High-fat feeding
blunted insulin-stimulated Rg, and as with GIR, HK II over-
expression was unable to correct the impaired response.

Muscle glycogen content was unaltered by HK II over-

expression or high-fat feeding independently (Table 2).
However, glycogen content was reduced in these muscles
when HK II overexpression and high-fat feeding were
combined. Muscle glucose was increased by high-fat feed-
ing in the gastrocnemius of WT saline-infused mice, and
this increase was normalized by HK II overexpression

FIG. 1. Arterial blood glucose was measured during the last 30 min of
a 120-min saline-infused (A) or hyperinsulinemic-euglycemic clamp (B)
experiment in chronically catheterized, conscious mice. WT (� and f)
or HK IITg (� and �) mice were fed either a standard diet (� and �)
or a high-fat diet (f and �) up to 4 months of age and fasted for 5 h.
Data are mean � SE for 7–14 mice/group.

FIG. 2. Average GIR during the last 30 min of a 120-min hyperinsuline-
mic-euglycemic clamp experiment in chronically catheterized, con-
scious mice. WT or HKTg mice were fed either a standard diet (f) or a
high-fat diet (�) up to 4 months of age. After a 5-h fast, 4 mU � kg�1 �
min�1 insulin was infused and blood glucose was clamped at euglycemia
by variable glucose infusion. The GIRs reported are the average values
for the final 30 min of the experiment. Data are mean � SE for 8–14
mice/group. *P < 0.05 vs. standard diet–fed mice.

FIG. 3. Disappearance of [2-3H]DG from the plasma during the last 25
min of a 120-min saline-infused (A) or hyperinsulinemic-euglycemic
clamp (B) experiment in chronically catheterized, conscious mice. WT
(� and f) or HKTg (� and �) mice were fed either a standard diet (�
and �) or a high-fat diet (f and �) up to 4 months of age and fasted for
5 h. Arterial blood was obtained and measured for plasma [2-3H]DG as
described in RESEARCH DESIGN AND METHODS. Data are mean � SE for 7–14
mice/group.

MUSCLE GLUCOSE UPTAKE IN HIGH-FAT–FED MICE
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(Table 3). Stimulation by insulin led to a fall in muscle
glucose in the gastrocnemius and SVL of high-fat–fed WT
mice, raising the possibility of impaired glucose delivery in
muscles that consist of type II fibers. No significant
differences in muscle G6P were detected between groups
(Table 4).
Exercise experiments. Arterial blood glucose concentra-
tions during sedentary and exercise experiments are
shown in Fig. 5. There were no differences in arterial blood
glucose between standard diet–fed WT and HKTg and
high-fat–fed HKTg mice under sedentary conditions (Fig.
5A). The elevated arterial blood glucose observed in
sedentary, high-fat–fed WT mice waned such that by the
end of the study, concentrations were no longer greater
than standard diet–fed mice. The relative hyperglycemia
observed in high-fat–fed WT mice, however, persisted
throughout exercise (Fig. 5B). There was a general trend
for arterial blood glucose to rise to a plateau by 20 min of
exercise in all groups.

Disappearance of [2-3H]DG from arterial plasma is
shown in Fig. 6. Genotype and diet did not alter [2-3H]DG
disappearance in sedentary mice (Fig. 6A). HK II overex-

pression augmented [2-3H]DG disappearance during exer-
cise in both standard diet– and high-fat–fed mice (Fig. 6B).

Rg’s for soleus, gastrocnemius, and SVL during seden-
tary and exercise conditions are shown in Fig. 7. There
were no differences in sedentary Rg between any of the
groups. Exercise significantly increased Rg in the gastroc-
nemius and SVL regardless of genotype and diet. Exercise
was able to increase Rg only in the soleus muscle of fed
HKTg mice. The lack of an increase in soleus Rg of WT mice
during exercise is due to the high tonic activity of this
muscle. High-fat feeding blunted the exercise-stimulated
Rg in the gastrocnemius and the SVL of WT mice. In
addition, the exercising soleus Rg was reduced in high-fat–
fed WT mice compared with standard diet–fed controls.
The impairment of exercise-stimulated Rg as a result of
high-fat feeding was markedly improved in the gastrocne-
mius and SVL muscles of HKTg mice. In addition, exercise-
stimulated Rg in the gastrocnemius and SVL muscles was
significantly increased in high-fat–fed HKTg compared with
high-fat–fed WT mice. However, the attenuated exercise-
stimulated Rg in the soleus as a result of high-fat feeding
was not corrected by HK II overexpression.

Exercise led to a significant fall in glycogen content in
the gastrocnemius and SVL of standard diet–fed WT mice
and in the gastrocnemius of standard diet–fed HKTg mice
(Table 2). Glycogen content in the gastrocnemius was
greater in high-fat–fed compared with standard diet–fed
WT mice after exercise. Muscle glucose was lowered by
HK II overexpression in the gastrocnemius of sedentary
standard diet–fed mice, the soleus of sedentary high-fat–
fed mice, and the SVL of exercising high-fat–fed mice
(Table 3). Exercise increased muscle G6P in the gastroc-
nemius of high-fat–fed WT mice and SVL of high-fat–fed
HKTg mice (Table 4). HK II overexpression increased G6P
in the gastrocnemius of sedentary, high-fat–fed mice and
in the soleus of both sedentary and exercising, high-fat–
fed mice.

DISCUSSION

MGU consists of three serial steps: the delivery of glucose
from the blood to the muscle membrane, the transport
across the muscle membrane, and the phosphorylation to
G6P by an HK. As with other metabolic pathways (19,20),
the regulation of MGU is distributed and may be altered by
physiological conditions at more than one step. Likewise,

FIG. 4. Rg, a tissue-specific index of glucose uptake, was measured for
the gastrocnemius (A), SVL (B), and soleus (C) muscles during the last
30 min of a 120-min saline-infused (�) or hyperinsulinemic-euglycemic
clamp (f) experiment in chronically catheterized, conscious mice. WT
or HKTg mice were fed either a standard diet or a high-fat diet up to 4
months of age and fasted for 5 h. Data are mean � SE for 7–14
mice/group. *P < 0.05 vs. saline condition; †P < 0.05 vs. WT standard
diet fed; ‡P < 0.05 vs. HKTg standard diet fed.

TABLE 2
Muscle glycogen (mg/g) of mice from all experiments

Standard diet High-fat diet
WT HKTg WT HKTg

Gastrocnemius
Saline 3.6 � 0.2 3.4 � 0.3 4.1 � 0.4 3.0 � 0.2*
Insulin 4.0 � 0.3 3.7 � 0.2 3.8 � 0.3 3.0 � 0.3*
Sedentary 2.8 � 0.2 2.8 � 0.2 3.1 � 0.2 3.0 � 0.3
Exercise 1.9 � 0.2† 2.1 � 0.2† 2.7 � 0.3‡ 2.6 � 0.3

SVL
Saline 3.6 � 0.5 3.1 � 0.2 3.2 � 0.2 2.6 � 0.2*
Insulin 4.3 � 0.4 4.1 � 0.3 3.4 � 0.3 2.6 � 0.3*
Sedentary 2.8 � 0.2 2.2 � 0.3 2.8 � 0.2 2.8 � 0.3
Exercise 1.9 � 0.3† 1.7 � 0.3 2.5 � 0.3 2.2 � 0.3

*P � 0.05 vs. standard diet–fed HKTg and high-fat–fed WT mice; †P �
0.05 vs. sedentary within genotype; ‡P � 0.05 vs. standard diet–fed
WT mice.
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dysregulation, resulting in impaired MGU, may occur at
multiple steps of the glucose uptake pathway. The aim of
the present study was to determine, in conscious, unre-
strained C57BL/6J mice, the functional sites of impairment
created by high-fat feeding and, more specifically, to
determine whether a diet-induced form of insulin resis-
tance creates a functional impairment to glucose phos-
phorylation. To this end, glucose fluxes (i.e., Rg’s) were
measured during two independent physiological condi-
tions characterized by high fluxes (i.e., stimulation by
insulin or exercise) in both standard diet– and high-fat–fed
mice with and without HK II selectively overexpressed in
skeletal muscle. Here we show that high-fat feeding results
in a functional impairment in glucose phosphorylation
capacity in conscious, unrestrained C57BL/6J mice. It is
also apparent from these studies that diminished glucose
phosphorylation capacity is not the only deficit contribut-
ing to high-fat feeding–induced impairments in MGU in
vivo.

High-fat feeding resulted in insulin resistance, as evi-

denced by the �30-mg/dl increase in fasting arterial blood
glucose, the more than doubling of fasting plasma insulin
concentration, and the marked reduction in exogenous
glucose required to maintain euglycemia during insulin
infusion. Whereas it has been demonstrated that high-fat
feeding elicits deficits in glucose transport (21–25), less is
known regarding high-fat feeding–induced deficits to steps
both proximal and distal to glucose transport. Functional
impairments to steps distal to glucose transport (e.g.,
glucose phosphorylation) can occur as a result of high-fat
feeding (26) or accumulation of intracellular lipids (27). A
recent report demonstrated that overexpression of glu-
cokinase, an HK isozyme that is not inhibited by G6P, in
skeletal muscle prevented glucose intolerance and insulin
resistance in high-fat–fed mice (28). Our laboratory has
provided evidence from the high-fat–fed conscious rat
using a modeling approach (7) that diet-induced insulin
resistance can be manifested by impairments to both
delivery of glucose to the muscle and intracellular phos-
phorylation to G6P. More recently it was shown that the

TABLE 3
Muscle glucose (mmol/l) of mice from all experiments

Standard diet High-fat diet
WT HKTg WT HKTg

Gastrocnemius
Saline 0.61 � 0.08 0.59 � 0.10 0.86 � 0.09* 0.48 � 0.13†
Insulin 0.55 � 0.09 0.55 � 0.11 0.39 � 0.12‡ 0.31 � 0.08
Sedentary 0.82 � 0.14 0.47 � 0.10* 0.89 � 0.08 0.61 � 0.10
Exercise 0.65 � 0.22 0.66 � 0.22 0.98 � 0.22 0.57 � 0.10

SVL
Saline 0.64 � 0.10 0.43 � 0.08 0.64 � 0.06 0.42 � 0.11
Insulin 0.37 � 0.05‡ 0.33 � 0.07 0.33 � 0.07‡ 0.30 � 0.09
Sedentary 0.72 � 0.16 0.55 � 0.13 0.79 � 0.17 0.64 � 0.09
Exercise 0.98 � 0.27 0.57 � 0.15 1.08 � 0.21 0.50 � 0.09†

Soleus
Saline 1.20 � 0.13 0.90 � 0.17 1.01 � 0.16 1.07 � 0.24
Insulin 1.03 � 0.09 0.99 � 0.29 0.86 � 0.22 0.54 � 0.15
Sedentary 1.17 � 0.27 1.12 � 0.31 1.37 � 0.21 0.79 � 0.08†
Exercise 1.48 � 0.38 1.34 � 0.28 2.01 � 0.42 1.06 � 0.19

*P � 0.05 vs. standard diet–fed WT mice; †P � 0.05 vs. high-fat–fed WT mice; ‡P � 0.05 vs. saline within genotype.

TABLE 4
Muscle G6P (mmol/l) of mice from all experiments

Standard diet High-fat diet
WT HKTg WT HKTg

Gastrocnemius
Saline 1.05 � 0.19 0.90 � 0.15 0.89 � 0.19 0.50 � 0.11
Insulin 0.89 � 0.17 0.75 � 0.13 0.69 � 0.13 0.84 � 0.17
Sedentary 0.64 � 0.13 0.88 � 0.19 0.48 � 0.09 0.81 � 0.16‡
Exercise 0.90 � 0.20 1.35 � 0.29 0.88 � 0.16† 1.08 � 0.18

SVL
Saline 1.11 � 0.20 1.09 � 0.16 1.33 � 0.14 0.82 � 0.19
Insulin 1.06 � 0.14 0.95 � 0.11 1.03 � 0.24 0.99 � 0.15
Sedentary 0.87 � 0.08 0.92 � 0.13 0.79 � 0.07 0.75 � 0.16
Exercise 0.99 � 0.16 1.32 � 0.24 1.19 � 0.27 1.58 � 0.17†

Soleus
Saline 0.39 � 0.08 0.41 � 0.07 0.42 � 0.11 0.25 � 0.07
Insulin 0.48 � 0.10 0.55 � 0.12 0.60 � 0.09 0.56 � 0.17
Sedentary 0.27 � 0.06 0.40 � 0.09 0.28 � 0.05 0.51 � 0.05‡
Exercise 0.26 � 0.06 0.52 � 0.08* 0.28 � 0.05 0.46 � 0.07‡

*P � 0.05 vs. standard diet–fed WT mice; †P � 0.05 vs. sedentary within genotype; ‡P � 0.05 vs. high-fat–fed WT mice.
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ability of insulin to increase bulk blood flow and capillary
recruitment and thus glucose delivery is impaired in the
obese Zucker rat, another animal model of insulin resis-
tance (29). A recent study by Kim et al. (30) reported
impaired glucose disposal in high-fat–fed rats despite
unaltered GLUT4 content or HK activity, again emphasiz-
ing the possibility of impaired glucose delivery. The cur-
rent study provides further direct and indirect evidence
that multiple steps of MGU are impaired in a diet-induced
model of insulin resistance as HK II overexpression res-
cued impaired MGU during exercise but neither in the
basal state nor during insulin stimulation.

In non–insulin-resistant states, different physiological
stimuli that increase glucose fluxes can be used in an
attempt to differentially expose the barriers to MGU.
Under basal conditions, glucose transport is the primary
rate-controlling step of glucose uptake (31–33). However,
upon stimulation by insulin (34,35) or exercise (36–38),
GLUT4 translocates to the sarcolemma, making it highly
permeable to glucose. GLUT4 translocation functionally
lowers the barrier to glucose transport and, in effect, shifts
the onus of control to glucose delivery and phosphoryla-
tion. In agreement with previous work in standard diet–fed
FVB/NJ mice (4), glucose phosphorylation is a significant
barrier to insulin- and exercise-stimulated MGU as trans-

genic overexpression of HK II selectively in skeletal mus-
cle was able to augment both insulin- and exercise-
stimulated Rg in the muscles of conscious, unrestrained,
standard diet–fed C57BL/6J mice (see Figs. 4 and 7). It is
important to note that under conditions of high resistance
to glucose transport (e.g., saline infusion and sedentary
protocols), HK II overexpression had no effect on Rg,
providing further support for glucose transport’s impor-
tant role in controlling MGU under basal, sedentary con-
ditions.

It is interesting that the same transgene resulted in
subtle phenotypic differences between the C57BL/6J and
FVB/NJ mouse strains. For example, in the previous
report, HK II overexpression augmented GIR and thus
whole-body glucose disposal by �25%. Here, GIR was only
increased by �15 in HKTg mice (P � 0.11). Whereas HK II
overexpression augmented indexes of insulin-stimulated
MGU in both mouse strains, the effectiveness of the
transgene was increased in the C57BL/6J mice. Differences
in physiological parameters between mouse strains are
common; thus, one needs to exercise caution when com-
paring the phenotypes created by genetic manipulations.

High-fat feeding yielded a dramatic reduction in insulin-
stimulated MGU that was not improved by HK II overex-
pression. This observation can be accounted for by one of
three possibilities. The first possibility is that glucose
phosphorylation during insulin stimulation is not impaired
in skeletal muscles of mice, and thus HK II overexpression
would not improve insulin-stimulated Rg. The second

FIG. 5. Arterial blood glucose was measured during a 30-min sedentary
(A) or exercise (B) experiment in chronically catheterized, conscious
mice. WT (� and f) or HKTg (� and �) mice were fed either a standard
diet (� and �) or a high-fat diet (f and �) up to 4 months of age and
fasted for 5 h. Data are mean � SE for 7–12 mice/group. *P < 0.05 vs.
remaining groups.

FIG. 6. Disappearance of [2-3H]DG from the plasma during a 30-min
sedentary (A) or exercise (B) experiment in chronically catheterized,
conscious mice. WT (� and f) or HKTg (� and �) mice were fed either
a standard diet (� and �) or a high-fat diet (f and �) up to 4 months
of age and fasted for 5 h. Arterial blood was obtained and measured for
plasma [2-3H]DG as described in RESEARCH DESIGN AND METHODS. Data are
mean � SE for 7–14 mice/group.
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possibility is that insulin-stimulated translocation of
GLUT4 is impaired by high-fat feeding, and, therefore, HK
II overexpression alone would not improve insulin-stimu-
lated Rg. The third possibility is that high-fat feeding
impairs the function of all steps proximal to glucose
phosphorylation during insulin stimulation, masking a
functional impairment in glucose phosphorylation. Work
from our laboratory using an independent method to
assess functional deficits to the steps that compose MGU
and another rodent model of insulin resistance, the high-
fat–fed rat, suggest the latter (7). The data presented here
cannot directly distinguish between potential deficits in
glucose delivery and membrane transport.

Monogenic forms of insulin resistance have been cre-
ated in mice by disrupting nitric oxide synthase (39) and
GLUT4 (40,41). These genetic manipulations perturb skel-
etal muscle glucose delivery or transport and indepen-
dently impair MGU. In addition, a reduction in HK II
activity can impair MGU in an alternative stimulated
physiological condition such as exercise (42). Because
independent manipulations to each step of the MGU path-
way can impair MGU, it is possible that insulin resistance
created by high-fat feeding results from an impairment in
any of the steps individually or in combination.

In contrast to stimulation by insulin, the marked impair-
ment in exercise-stimulated MGU created by high-fat
feeding in WT mice was improved by HK II overexpression
in the gastrocnemius and SVL. A primary difference be-
tween stimulation by exercise versus insulin is that exer-
cise results in a massive hyperemia. The result of the
hyperemia is that the barrier to glucose delivery is low-
ered. Therefore, these results in conjunction with those
from the hyperinsulinemic-euglycemic clamp experiments
suggest that high-fat feeding increases the resistance to
MGU at sites upstream of glucose phosphorylation (i.e.,
glucose delivery and membrane transport). However,
when the barriers to both glucose transport and delivery
are minimized during exercise as a result of hyperemia
and contraction-stimulated GLUT4 translocation, an impair-
ment in glucose phosphorylation that can be improved
by HK II overexpression is exposed. In agreement with
the glucose flux data, after high-fat feeding, G6P con-
centrations were lower in two of the muscles studied
in WT compared with HKTg mice (see Table 4), further
suggesting a functional impairment in glucose phos-
phorylation.

Control of metabolic pathways is more sensitively as-
sessed using flux measurements as opposed to concen-
trations of metabolites alone (43). Therefore, it can be
difficult to draw conclusions solely from the concentra-
tions of glucose and G6P in tissue homogenates. Several
factors complicate the interpretation of tissue glucose and
G6P measurements from crude homogenates, including
cellular compartmentation, bidirectionality of metabolic
substrate flux, and breakdown during the tissue excision
process. In addition, flux through a metabolic pathway
may be increased without commensurate increases in
metabolic intermediates. These factors underscore the
value of in vivo flux measurements. Although the [2-3H]DG
method is free from concerns associated with measuring
metabolites, there are still issues that one must consider
(e.g., analog discrimination, tracer recycling). Glucose and
[2-3H]DG have slightly different affinities for GLUTs and
HKs. A correction factor, the lumped constant, can be
applied to adjust for analog discrimination. The lumped
constant for 2-deoxyglucose has been determined to be
�1.2 in human muscle in a variety of conditions (44–46)
and �0.9 in rat muscle (47,48). Thus, in rodent muscle, Rg
determined from [2-3H]DG accumulation may slightly un-
derestimate MGU. Nevertheless, the measures of Rg pro-
vide the most sensitive means for studying the regulation
of tissue-specific glucose uptake in vivo and the impact
that dietary manipulations have on it.

In conclusion, high-fat feeding impairs both insulin- and
exercise-stimulated MGU, but only exercise-stimulated
MGU is increased by HK II overexpression. These findings
indicate that 1) the impairment in MGU during insulin
stimulation in high-fat–fed mice is due to functional defi-
cits in glucose delivery and/or membrane transport and 2)
deficits in glucose phosphorylation can best be exposed
when the barriers to glucose delivery and transport are
lowered such as they are during stimulation by exercise.
Just as the regulation of MGU can be distributed among
glucose delivery, transport, and phosphorylation, dysregu-
lation can occur at multiple steps. Therefore, the most
successful treatment strategies for correcting impairments

FIG. 7. Rg, a tissue-specific index of glucose uptake, was measured for
the gastrocnemius (A), SVL (B), and soleus (C) muscles during a
30-min sedentary (�) or exercise (f) experiment in chronically cath-
eterized, conscious mice. WT or HKTg mice were fed either a standard
diet or a high-fat diet up to 4 months of age and fasted for 5 h. Data are
mean � SE for 7–12 mice/group. *P < 0.05 vs. sedentary condition; †P <
0.05 vs. WT standard diet. ‡P < 0.05 vs. HKTg standard diet. §P < 0.05
vs. WT high-fat fed.
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in MGU will involve targeting multiple if not all of the steps
of MGU.
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