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Insulin-Nonspecific Reduction in Skeletal Muscle Glucose Transport in
High-Fat–Fed Rats

K. Koshinaka, Y. Oshida, Y.-Q. Han, M. Kubota, A.Y.I. Viana, M. Nagasaki, and Y. Sato

igh-fat feeding diminishes insulin-stimulated glucose transport in skeletal muscle. However, conflicting results are reported

egarding whether phosphatidylinositol (PI)-3 kinase–independent glucose transport is also impaired in insulin-resistant

igh-fat–fed rodents. The aim of the present study was to study whether non–insulin-dependent mechanisms for stimulation

f glucose transport are defective in skeletal muscle from high-fat–fed rats. Rats were fed normal chow diet or high-fat diet

or 4 weeks and isolated epitrochlearis muscles were used for measuring glucose transport. Insulin-stimulated glucose

ransport was significantly lower in rats fed the high-fat diet compared with chow-fed rats (P < .05). Hypoxia-stimulated

lucose transport was also reduced in high-fat–fed rats (P < .05). Nevertheless, hypoxia-stimulated adenosine monophos-

hate–activated protein kinase (AMPK) phosphorylation (Thr172) level was not affected by high-fat feeding. Glucose transport

y sodium nitroprusside stimulation was reduced in high-fat–fed rats (P < .05). Protein content of glucose transporter

GLUT)-4 and AMPK-�, and glycogen content were comparable between both groups. Our findings provide evidence that

igh-fat feeding can affect not only insulin but also non–insulin-stimulated glucose transport. A putative defect in common

teps in glucose transport may play a role to account for impaired insulin-stimulated glucose transport in rats fed a high-fat

iet.
2004 Elsevier Inc. All rights reserved.
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MPAIRED INSULIN action to stimulate glucose disposal in
insulin-sensitive tissues is a hallmark of the insulin resis-

ance associated with obesity.1 In skeletal muscle, insulin in-
uces translocation of the glucose transporter (GLUT)-4 from
he intracellular pool to the plasma membrane in order to
acilitate uptake glucose. Phosphatidylinositol (PI)-3 kinase is
onsidered to be essential for insulin-stimulated GLUT-4 trans-
ocation.2 Although the precise mechanisms underling obesity-
elated decrease in insulin-stimulated glucose transport are still
ot clear, it has been widely accepted that impaired early
nsulin signaling leading to insufficient activation of PI-3 ki-
ase is a cause of reduced insulin-stimulated glucose transport
n obese subjects3 and high-fat–fed rodents.4-6 Recently, how-
ver, it has been reported that PI-3 kinase activity in skeletal
uscle is not always impaired in obese subjects,7,8 obese
rst-degree relatives of type 2 diabetic (FDR) subjects,9,10 or
igh-fat–fed rodents,11 despite defective insulin-stimulated glu-
ose transport. Additional impairments seem to be likely.

It is known that exercise,12 muscle contraction,2,13,14 or hyp-
xia14-16 can induce GLUT-4 translocation. These stimuli en-
ance glucose transport via a PI-3 kinase–independent2,17-19

nd an adenosine monophosphate–activated protein kinase
AMPK)-dependent pathway.14 Some reports that glucose
ransport by exercise,12 muscle contraction,13,20,21 or hy-
oxia13,21 stimulation was inhibited in high-fat–fed rodents,
uggest that a defect in common steps in glucose transport may
lso be important to account for impaired insulin-stimulated
lucose transport in rodents fed a high-fat diet. However,

From the Department of Sports Medicine, Graduate School of Med-
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agoya University, Nagoya, Japan.
Submitted October 14, 2003; accepted December 31, 2003.
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© 2004 Elsevier Inc. All rights reserved.
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12
onflicting results are reported regarding whether exercise22 or
ypoxia4 stimulation of glucose transport is defective in skel-
tal muscle from high-fat–fed rodents. The aim of the present
tudy was to examine whether non–insulin-dependent mecha-
isms for stimulation of glucose transport are defective in
keletal muscle from high-fat–fed rats. To characterize defec-
ive glucose transport, insulin (PI-3 kinase–dependent), hyp-
xia (PI-3 kinase–independent, AMPK-dependent), 5-amino-
midazole-4-carboxamide-1-�-D-ribonucleoside (AICAR; PI-3
inase–independent, AMPK-dependent), and sodium nitroprus-
ide (SNP; PI-3 kinase–independent, AMPK-independent)
ere used as stimulators of glucose transport. Furthermore,
ypoxia-stimulated AMPK activation was also measured.
MPK is considered as an attractive molecular target for the

reatment of insulin resistance23; however, only a few studies
ave examined the effect of insulin resistance on AMPK acti-
ation. To our knowledge, studies on whether high-fat feeding
ould cause AMPK activation have not been reported yet.

MATERIALS AND METHODS

aterials

2-Deoxy-D-[1,2-3H]glucose (2DG) and L-[1-14C]glucose (L-glucose)
ere from Perkin Elmer Life Sciences, Boston, MA. Antibody against
LUT-4 was from Biogenesis, South Coast, UK. Antibodies against
MPK-� and phospho-specific AMPK (Thr172) were from Cell Sig-
aling Technology, Beverly, MA. Antibody against Akt 1/2 was from
anta Cruz Biotechnology, Santa Cruz, CA. Antibodies against phos-
ho-specific Akt 1 (Ser473 and Thr308) were from Upstate Biotechnol-
gy, Lake Placid, NY. Enhanced chemiluminescence (ECL) reagent
as obtained from Amersham Biosciences, Buckinghamshire, UK.

nimal Care

All experimental procedures were in accordance with the Guide for
he Care and Use of Laboratory Animals of Nagoya University. Male

istar rats (Chubu Kagakushizai, Nagoya, Japan) were obtained at 3
eeks of age and maintained in a 12:12-hour reversed light-dark

nvironment at an ambient temperature of 23°C. Rats were randomly
ivided into 2 groups and fed commercially available normal chow diet
r high-fat diet for 4 weeks. The chow diet (MF, Oriental Yeast, Chiba,
apan) contained, as percent of calories, 59% carbohydrate, 29% pro-

ein, and 12% fat. High-fat diet contained 27% carbohydrate, 23%

Metabolism, Vol 53, No 7 (July), 2004: pp 912-917
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913GLUCOSE TRANSPORT IN HIGH-FAT–FED RATS
rotein, and 50% fat.21 The calorie contents of the chow and high-fat
iets were 3.6 kcal/g and 5.1 kcal/g, respectively. After the feeding
eriod, overnight-fasted (16 hours) animals were anesthetized by in-
raperitoneal injection of sodium pentobarbital (50 mg/kg body
eight). After blood samples were drawn from a tail vein, epitrochle-

ris muscles were dissected out. Some epitrochlearis muscles were used
or measuring glucose transport and the remaining were stored at
80°C until biochemical assay. After muscle dissection was com-

leted, retroperitoneal, mesenteric, and epididymal fat-pads were re-
oved and weighted.

uscle Incubations: Effects of Insulin, SNP, and AICAR

Muscles were incubated for 70 minutes in Krebs-Henseleit buffer
KHB) containing 8 mmol/L glucose, 36 mmol/L mannitol, and 0.1%
ovine serum albumin (BSA). Muscles were then incubated for 30
inutes in KHB containing 2 mmol/L sodium pyruvate, 36 mmol/L
annitol, and 0.1% BSA with or without insulin (2 mU/mL), SNP (a

itric oxide [NO] donor; 10 mmol/L), or AICAR (a pharmacological
ctivator of AMPK; 2 mmol/L). All incubations were performed at
0°C. The gas phase was maintained at 95% O2/5% CO2.

uscle Incubations: Effects of Hypoxia

For study of the effect of hypoxia on glucose transport, muscles were
ncubated for 80 minutes in KHB containing 8 mmol/L glucose, 36
mol/L mannitol, and 0.1% BSA under hypoxic condition (95%

2/5% CO2).15 Thereafter, muscles were incubated for 20 min in
xygenated KHB supplemented with 2 mmol/L sodium pyruvate, 36
mol/L mannitol, and 0.1% BSA. All incubations were performed at

0°C.

lucose Transport

Glucose transport was measured as described previously.24 Muscles
ere incubated for 20 min in KHB containing 4 mmol/L 2DG (0.3
Ci/mL), 36 mmol/L mannitol, 0.1 % BSA. L-Glucose (0.06 �Ci/mL)
as used to estimate extracellular space. Insulin, SNP, or AICAR was

dded to the buffer if needed. All incubations were performed at 30°C.
he gas phase was maintained at 95% O2/5% CO2. Glucose transport

ate is expressed as micromoles of 2DG accumulated per milliliter of
ntracellular water per 20 minutes.

ypoxia Stimulation for AMPK

After 80 minutes of hypoxia stimulation, as described above, mus-
les were clamp frozen. The muscles were homogenized as described
y Musi et al.25 The muscles were homogenized in buffer [20 mmol/L
ris(hydroxymethyl)aminomethane (Tris), 1% Triton-X 100, 50
mol/L NaCl, 250 mmol/L sucrose, 50 mmol/L NaF, 5 mmol/L

odium pyrophosphate, 2 mmol/L dithiothreitol, 0.1 mmol/L benzami-
ine, 4 mg/L leupeptin, 50 mg/L trypsin inhibitor, 0.5 mmol/L phenyl-
ethylsulfonyl fluoride (PMSF), pH7.4] on ice, and it was centrifuged

t 14, 000 � g for 20 minutes at 4°C. The supernatants were used as
amples.

LUT-4 Protein Content

Muscles were homogenized in homogenization buffer (25 mmol/L
EPES, 2 mmol/L EDTA, 250 mmol/L sucrose, 3.3 mg/L leupeptin,
00 mg/L trypsin inhibitor, 1 mmol/L PMSF, pH 7.4) on ice. After
entrifugation at 175,000 � g for 60 minutes, the pellets were resus-
ended in the homogenization buffer with 1% Triton-X 100. This
olution was recentrifuged at 175,000 � g for 60 minutes, and the

upernatants obtained were used as samples. l
nsulin Stimulation for Akt

Overnight-fasted animals were anesthetized as mentioned above. A
olus of saline with or without (control) insulin (10 U/kg body weight)
as injected via vena cava inferior. After 120 seconds, the left (control)

nd right plantaris/gastrocnemius muscles were excised and clamp
rozen. Muscle extracts were prepared as described by Kawanaka et
l.26

estern Blotting

Treated samples were subjected to sodium dodecyl sulfate (SDS)
olyacrylamide gel electrophoresis and electrophoretically transferred
o polyvinylidene difluoride (PVDF) membrane. After membrane
locking with 5% nonfat dry milk for 2 hours, the blots were incubated
vernight with anti–GLUT-4, AMPK-�, Akt 1/2 antibodies, antiphos-
ho-AMPK-� (Thr172), or antiphospho-Akt 1 (Ser473 and Thr308 anti-
odies. The blots were then rinsed in Tris-buffered saline with 0.05%
ween 20 and incubated with horseradish peroxidase–conjugated don-
ey anti-rabbit IgG for 2 hours. Immunoreactive bands were detected
y the ECL reagent and subsequently analyzed by densitometry.

nalytical Determination

Plasma glucose level was determined by YSI 2300 STAT glucose
nalyzer (Yellow Springs Instrument, Yellow Springs, OH). Plasma
nsulin level was assayed using a radioimmunological assay kit (Phad-
seph Insulin RIA, Pharmacia, Stockholm, Sweden). Glycogen content
as measured as described previously.27

tatistical Analyses

Values are presented as means � SE. When 2 mean values were
ompared, analysis was performed by unpaired t test. When multiple
ean values were compared, analysis was performed by 2-way analysis

f variance (ANOVA). If a significant F value was found, further
nalysis was performed by the Scheffé’s method. Difference was
onsidered statistically significant when P � .05.

RESULTS

haracterization of High-Fat—Fed Rats

Table 1 summarizes body weight, visceral fat weight, food
ntake, and plasma glucose and insulin levels. High-fat feeding
or 4 weeks resulted in significant increase in body weight and
isceral fat weight compared with chow feeding (P � .05).
ood intake in high-fat–fed rats was significantly greater than

n chow-fed rats (P � .05). Fasting plasma glucose levels were
omparable between both groups, but fasting plasma insulin

Table 1. Characteristics of the Rats

Chow-Fed High-Fat–Fed

Body weight (g) 212 � 3 (24) 240 � 2 (23)*
Visceral fat weight (g) 9.0 � 0.4 (18) 20.1 � 0.8 (19)*
Food intake (kcal/d) 74 � 1 (7) 88 � 1 (8)*
Plasma glucose (mg/dL) 111 � 3 (8) 110 � 3 (8)
Plasma insulin (ng/mL) 0.4 � 0.1 (8) 1.0 � 0.2 (8)*

NOTE. Values are means � SE (n). Visceral fat weight is the sum of
esenteric, retroperitoneal, and epididymal depots weights.
*P � .05 vs chow-fed.
evels were significantly elevated in high-fat–fed rats (P � .05).
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914 KOSHINAKA ET AL
nsulin-Stimulated Glucose Transport in High-Fat–Fed Rats

The effect of high-fat feeding on basal and insulin-stimulated
lucose transport is shown in Fig 1. Glucose transport by
nsulin stimulation was significantly lower in muscles from
igh-fat–fed rats than from chow-fed rats. Basal glucose trans-
ort was not affected by diet.

ypoxia, SNP, and AICAR-Stimulated Glucose Transport in
igh-Fat–Fed Rats

Figure 2 shows the non–insulin-stimulated glucose transport.
ypoxia-stimulated glucose transport was significantly lower

n muscles from high-fat–fed rats compared with from chow-
ed rats (P � .05). We also found significant reduction in

Fig 1. Glucose transport in rats fed either chow (�) or high-fat

iet (■ ) for 4 weeks. Epitrochlearis muscles were incubated in the

bsence (basal) or presence of insulin (2 mU/ml). Values are mean �

E (n � 6-8). †P < .05 v chow-fed.

Fig 2. Glucose transport in rats fed either chow (�) or high-fat

iet (■ ) for 4 weeks. Epitrochlearis muscles were incubated in the

bsence (basal), or in the presence of sodium nitroprusside (SNP; 10

mol/L), or 5-aminoimidazole-4-carboxamide-1-�-D-ribonucleoside

AICAR; 2 mmol/L). For hypoxia stimulation, epitrochlearis muscles

ere incubated for 80 minutes under hypoxia. Values are mean � SE
n � 6-8). †P < .05 v chow-fed. e
NP-stimulated glucose transport in high-fat–fed rats. Al-
hough a detrimental tendency was observed in AICAR-stim-
lated glucose transport in high-fat–fed rats, the difference
etween both groups was not statistically significant.

ffect of High-Fat Feeding on AMPK

To study whether reduced glucose transport by hypoxia
timulation is accompanied with blunted activation of AMPK,
e also measured hypoxia-stimulated AMPK phosphorylation

evel at the Thr172 site in high-fat–fed rats (Fig 3). A 2- to
-fold higher phosphorylation level was given by hypoxia
timulation compared with the basal condition. High-fat feed-
ng did not affect basal or hypoxia-stimulated these phospho-
ylations. No significant difference was observed in AMPK-�
rotein content between both groups (Table 2).

LUT-4 Protein and Glycogen Content

High-fat feeding did not affect GLUT-4 protein content or
lycogen content (Table 2).

ffect of High-Fat Feeding on Akt

To determine whether high-fat feeding impairs the down-
tream of PI-3 kinase, we measured insulin-stimulated Akt
hosphorylation level at the Ser473 and Thr308 sites (Fig 4). In
how-fed rats, insulin caused 5-fold (Ser473, Fig 4A) and 4-fold
Thr308, Fig 4B) increases in phosphorylation level compared

Fig 3. Effect of high-fat feeding on hypoxia-stimulated AMP-acti-

ated protein kinase (AMPK) phosphorylation level. Epitrochlearis

uscles were incubated for 80 minutes under hypoxia and frozen.

uantification of AMPK phosphorylation level at the Thr172 site was

xpressed relative to chow-fed basal values. Values are mean � SE

n � 5-6). (�) Chow-fed; (■ ) high-fat–fed.

Table 2. Protein and Glycogen Content

Chow-Fed High-Fat–Fed

AMPK-� 1.00 � 0.04 1.00 � 0.04
GLUT-4 1.00 � 0.08 1.06 � 0.1
Glycogen content (mg/g wet weight) 5.5 � 0.3 5.3 � 0.09

NOTE. Values are means � SE (n � 5-7). AMPK-� and GLUT-4 are

xpressed in arbitrary units.
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915GLUCOSE TRANSPORT IN HIGH-FAT–FED RATS
ith the basal condition (Fig 4B). High-fat feeding did not
ffect basal or insulin-stimulated phosphorylations. No signif-
cant difference was observed in Akt 1/2 protein content be-
ween both groups (chow-fed v high-fat–fed, 1.00 � 0.15 v
.07 � 0.19 arbitrary units).

DISCUSSION

In skeletal muscle, there are at least 2 distinct signaling
ascades that stimulate GLUT-4 translocation and glucose
ransport. Insulin induces glucose transport via a PI-3 kinase–
ependent pathway,2,17-19,28,29 whereas muscle contrac-
ion,2,17-19 hypoxia,17 or SNP30 activates glucose transport via a
I-3 kinase–independent pathway. In the present study, we
onfirmed that high-fat feeding decreased insulin-stimulated
lucose transport. A major finding of the present study was that
oth hypoxia and SNP-stimulated glucose transport were also
mpaired in insulin-resistant high-fat–fed rats. This result
learly demonstrates that resistance of glucose transport is not
imited only against insulin but also to non-insulin stimuli.

Fig 4. Effect of high-fat feeding on insulin-stimulated Akt phos-

horylation level. Animals were anesthetized and then given an

ntravenous bolus of saline (basal) or insulin (10 U/kg body weight).

lantaris/gastrocnemius muscles were quickly dissected and frozen

20 seconds after administration of saline or insulin. Quantification

f Akt phosphorylation level at (A) Ser473 and (B) Thr308 sites was

xpressed relative to chow-fed basal values. Values are mean � SE

n � 5-6). (�) Chow-fed; (■ ) high-fat–fed.
AMPK is thought to be an important mediator of muscle t
ontraction or hypoxia-stimulated glucose transport in skeletal
uscle. It has been reported that exercise,25 muscle contrac-

ion,14,18,19,31 or hypoxia14,31 stimulates AMPK activation.
ICAR acutely induces GLUT-4 translocation29,32 and glucose

ransport.14,18,28,29,32-35 To determine whether decreased glu-
ose transport by hypoxia stimulation could be accounted for
educed AMPK activation, hypoxia-stimulated AMPK phos-
horylation level at the Thr172 site was measured in high-fat–
ed rats. Our data demonstrated that the defect in hypoxia-
timulated glucose transport in high-fat–fed rats occurred with
ormal AMPK activation. It has been reported that exercise,12

uscle contraction,13,20,21 or hypoxia stimulation of glucose
ransport13,21 is impaired, whereas glucose transport by exer-
ise22 or hypoxia4 stimulation is normal in high-fat–fed ro-
ents. It is not clear what causes the difference. Also we cannot
pply this result to the case of muscle contraction because
uscle contraction and hypoxia are similar17 but not the

ame.14 However, normal AMPK activation has been also
eported in non–insulin-dependent diabetes mellitus
NIDDM)25 and obese Zucker rats,31,33 and in the fatty acid–
nduced insulin-resistant condition.34 These results indicate that
MPK activation is highly preserved in the insulin-resistant

ondition, and that the decrease in hypoxia-stimulated glucose
ransport in high-fat–fed rats can not be explained by AMPK
rrangement.

SNP can induce GLUT-4 translocation.30 It has been re-
orted that PI-3 kinase inhibition leads to little19 or no reduc-
ion28,30 in SNP-stimulated glucose transport. NO synthase
NOS) inhibitor has no effect on the glucose transport by
xercise,19 muscle contraction,19,30 or insulin28,30 stimulation.
lthough SNP could slightly stimulate AMPK-�119 hypoxia-

timulated glucose transport is mainly AMPK-�2–depen-
ent.14 A study demonstrated that AICAR-stimulated glucose
ransport was completely abolished by a NOS inhibitor.28 How-
ver, we found no effect of the NOS inhibitor on AICAR-
timulated glucose transport (K. Koshinaka, unpublished ob-
ervations). The physiological role of the NO-induced glucose
ransport and its signaling is still obscure. Taken together these
ndings suggest essentially independence of the NO signaling
rom PI-3 kinase and AMPK pathway. We observed that SNP-
timulated glucose transport was reduced in high-fat–fed rats.
ergeron et al33 reported that AICAR-stimulated glucose trans-
ort was impaired in obese Zucker rats in a skeletal muscle
ber type-dependent manner. These investigators suggested a
ossibility of impaired downstream pathway of AMPK on
LUT-4 translocation in the rats. Although the defective ten-
ency in AICAR-stimulated glucose transport was not statisti-
ally significant in the present study, insulin-nonspecific reduc-
ion in glucose transport could lead to conclusion of the
ossible defect in common steps in glucose transport.
GLUT-4 is considered as one of the common components of

he glucose transport system in skeletal muscle. GLUT-4 pro-
ein content is known to be closely related to muscle contrac-
ion and insulin-stimulated glucose transport.36 However, our
esults demonstrated that GLUT-4 content may not be a main
ause of the decreased glucose transport by insulin or non-
nsulin stimuli. Hansen et al13 demonstrated that the impaired
oth insulin and muscle contraction stimulation of glucose

ransport were accompanied with a decrease in GLUT-4 trans-
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916 KOSHINAKA ET AL
ocation. Furthermore, Rosholt et al12 provided evidence that
igh-fat feeding blunted GLUT-4 intrinsic activity. Although
e did not measure GLUT-4 translocation or intrinsic activity,

mpaired functional aspects of glucose transport system might
lay a role in the reduced glucose transport in high-fat–fed rats.

It has been accepted that impaired early insulin signaling
eading to insufficient activation of PI-3 kinase is a cause of
educed insulin-stimulated glucose transport. However, PI-3
inase activity in skeletal muscle is not always impaired in
bese subjects,7,8 FDR subjects,9,10 or high-fat–fed rodents.11

lso, Akt, a downstream molecule of PI-3 kinase, phosphory-
ation/activity by insulin stimulation is normal in obese,7,8 FDR
ubjects,9,10 and high-fat–fed rodents.11 We found that the
nsulin-stimulated Akt phosphorylation level at the Ser473 and
hr308 sites was normal in plantaris/gastrocnemius muscles

rom high-fat–fed rats. Our result partially supports the specu-
ation of the cause of blunted insulin-stimulated glucose trans-
ort in epitrochlearis muscle from high-fat–fed rats. These
esults might indicate that a defect in insulin signaling is not
nough to account for obesity-related impaired insulin-stimu-
ated glucose transport.

Interestingly, the insulin-nonspecific reduction in glucose
ransport observed in the present study was also observed in
IDDM,16 high-sucrose feeding,37 high-starch feeding,37 and

38
examethasone treatment, whereas it was not observed in W
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s likely that insulin-nonspecific reduction in glucose transport
s not an obesity-specific and also not a common phenomenon
n the insulin-resistant state.

In the present study, it remains unclear why glucose transport
s impaired. Recently some effectors including atypical protein
inase C (PKC),29 p38 mitogen-activated protein kinase,40 and
denosine41 have been considered as modulators of both insulin
nd non–insulin-stimulated glucose transport. In addition to a
ossible defect in glucose transport system, these inactivation
r inadequate production might have some role in reduced
lucose transport. We cannot exclude the possibility that insu-
in-nonspecific reduction in glucose transport was owing to
efective individual signaling, not common steps because we
id not measure the downstream cascade of Akt, AMPK, or NO
ignaling and these signaling effects are still obscure. Never-
heless, it could be concluded that the mechanisms that can
nduce non–insulin-stimulated glucose transport would, at least
artly, contribute to blunted insulin-stimulated glucose trans-
ort in high-fat fed rats.
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