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Abstract Aims/hypothesis: Insulin-stimulated glucose trans-
port is impaired in a genetic model of hypertension, the
stroke-prone spontaneously hypertensive rat (SHRSP), yet
the molecular mechanisms that underlie this defect in the
animals remain unclear. Methods: We examined the effects
of insulin on the trafficking of the insulin-responsive glucose
transporter GLUT4 to the plasma membrane in isolated
adipocytes from SHRSP and normotensive control Wistar–
Kyoto (WKY) rats. Results: Treatment of isolated adipo-
cytes with insulin resulted in trafficking of GLUT4 to the
plasma membrane. There was no significant difference in
the magnitude of insulin-stimulated GLUT4 trafficking from
intracellular membranes to the plasma membrane between
strains. In contrast, we demonstrated that there is a signif-
icant reduction in GLUT4 accessible to the glucose photo-
label Bio-LC-ATB-BGPA at the plasma membrane of
SHRSP adipocytes comparedwith control rats. Conclusions/
interpretation: Wepropose that a large proportion ofGLUT4
translocated to the plasma membrane in response to insu-
lin is not able to bind substrate and catalyse transport in
the SHRSP. Therefore, there is a reduction in bioavailable

GLUT4 in SHRSP animals that is likely to account, at
least in part, for the reduced insulin-stimulated glucose
uptake.
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Abbreviations Bio-LC-ATB-BGPA: 4,4′-O-[2-[2-[2-
[2-[2-[6-(Biotinylamino)hexanoyl]amino]ethoxy]-ethoxy]
ethoxy]-4-(1-azi-2,2,2,-trifluoroethyl)benzoyl]amino-1,
3-propanediyl-bis-D-glucose . IRAP: Insulin-regulated
aminopeptidase . KRH: Krebs–Ringer–HEPES buffer .
LDM: Low-density microsome . PI3K:
Phosphatidylinositol 3′-kinase . PKB: Protein kinase B .
PM: Plasma membrane . PMSF: Phenylmethylsulphonyl
fluoride . SHRSP: Stroke-prone spontaneously
hypertensive rat . VAMP2: Vesicle-associated membrane
protein-2 . WKY: Wistar–Kyoto rat

Introduction

Insulin increases glucose transport activity in muscle and
fat cells through the translocation of glucose transporter
proteins (primarily GLUT4) from an intracellular location
to the plasma membrane. The additional glucose uptake
stimulated by insulin is used primarily for the synthesis of
glycogen and triacylglycerides in skeletal muscle and ad-
ipocytes respectively. The intracellular insulin signalling
pathways that lead to GLUT4 translocation have been ex-
tensively investigated, yet only the activation of p85/p110
phosphatidylinositol 3′-kinase (PI3K) has been identified
as an absolute requirement [1].

Reduced insulin-stimulated glucose uptake (insulin re-
sistance) by skeletal muscle and adipose tissue is of major
pathogenic importance in a number of human disorders,
including type 2 diabetes, hypertension and obesity, yet
the underlying molecular mechanisms remain unclear [2].
Insulin resistance is apparent in a genetic model of hy-
pertension, the spontaneously hypertensive rat (SHR) [3,
4], reinforcing the primary nature of the link between car-
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diovascular disorders and insulin resistance. Adipocytes
derived from SHR rats exhibit attenuated insulin-stimu-
lated glucose uptake and defective insulin-mediated in-
hibition of lipolysis compared with control normotensive
rats [3, 4]. We have recently extended these observations
in a close relative of the SHR, the stroke-prone sponta-
neously hypertensive rat (SHRSP). We demonstrated that
adipocytes from these animals similarly exhibit attenuated
insulin-stimulated glucose uptake and a reduced ability
to suppress isoproterenol-stimulated lipolysis [5]. Further-
more, we demonstrated that insulin-stimulated glucose
uptake is also attenuated in isolated skeletal muscles of
SHRSP rats [6]. However, the mechanisms by which insu-
lin-stimulated glucose transport is reduced in either tissue
have not been clarified. No significant difference was dem-
onstrated in the expression or subcellular localisation of
IRS-1 and IRS-2, PI3K and GLUT4 in muscles derived
from SHRSP compared with in normotensive controlWKY
rats. In addition, insulin-stimulated protein kinase B (PKB)
activity was also unaltered in muscles from both rats, sug-
gesting insulin-stimulated PI3K activity was not attenuated
in the SHRSP [6].

In this study, we investigated the extent of insulin-
stimulated trafficking of GLUT4 in epididymal adipocytes
derived from SHRSP and WKY normotensive control rats.
We show that insulin-stimulated trafficking of GLUT4
from intracellular membranes to the plasma membrane is
unaltered in adipocytes derived from SHRSP compared
with in normotensive WKY control rats as assessed by
western blotting subsequent to subcellular fractionation.
Despite this apparently unaltered trafficking of GLUT4, we
demonstrate a marked attenuation of GLUT4 at the cell
surface after stimulation with insulin in adipocytes derived
from SHRSP as assessed by accessibility to the photolabel
Bio-LC-ATB-BGPA. These data suggest that there is less
bioavailable GLUT4 at the plasma membrane of SHRSP
adipocytes after insulin stimulation compared with inWKY
rats, a phenomenon that may underlie the reduced insulin
sensitivity we have previously demonstrated in the SHRSP.

Materials and methods

Materials Phenylmethylsulphonyl fluoride (PMSF), benz-
amidine and aprotinin were supplied by Sigma (Poole,
Dorset, UK).Horseradish peroxidase-conjugated secondary
antibodies were from Amersham Biosciences (Chalfont St.
Giles, UK). Insulin was from Novo Nordisk (Copenhagen,
Denmark). Type I collagenase was from Worthington
(Lakewood, NJ, USA). Thesit was obtained from Roche
Diagnostics (Lewes, Sussex,UK). Streptavidin-agarosewas
from Upstate (Milton Keynes, UK). Mouse anti-IRAP
antibodies were kindly supplied by L. Garza and M.
Birnbaum (University of Pennsylvania, Philadelphia, PA,
USA). The anti-GLUT4 antibody used was obtained as de-
scribed previously [7]. Anti-VAMP2 antibody was obtained
from Synaptic Systems (Göttingen, Germany). Rabbit anti-
p38MAPK and anti-phospho-p38MAPK antibodies were
from New England Biolabs (Hitchin, UK). Mouse anti-

caveolin antibodies were from BD Biosciences (Oxford,
UK). All other reagents were from sources described pre-
viously [5, 6].

Synthesis of Bio-LC-ATB-BGPA The biotinylated bis(D-
glucose) derivative photoaffinity label Bio-LC-ATB-BGPA
was synthesised as described previously [8].

Animals Rat strains used in this study were inbred SHRSP
and WKY rats obtained from the NIH and maintained in
the Division of Cardiovascular and Medical Sciences, BHF
Glasgow Cardiovascular Research Centre, University of
Glasgow, as described previously [5, 6, 9]. Male rats were
housed under controlled conditions of temperature (21°C)
and light (12 h light–dark cycle), were fed on normal rat
diet (rat and mouse no. 1 maintenance diet; Special Diet
Services, Edinburgh, UK) and had free access to water. The
pups were weaned and sexed after 3 weeks and were
housed according to sibling group and sex thereafter.

Isolation of adipocytes Epididymal adipocytes were pre-
pared from WKY and SHRSP rats using the collagenase
method as described previously [5].

Preparation of adipocyte lysates Epididymal adipocytes
were prepared (20% cytocrit) in Krebs–Ringer–HEPES
(KRH) buffer (25 mmol/l HEPES pH 7.4, 118 mmol/l
NaCl, 5 mmol/l NaHCO3, 4.7 mmol/l KCl, 1.2 mmol/l
KH2PO4, 1.2 mmol/l MgSO4, 2.5 mmol/l CaCl2, 1% [w/v]
bovine serum albumin, 200 nmol/l adenosine, 2.2 mmol/l
glucose). Cells were incubated, with shaking, at 37°C in the
presence or absence of insulin (10 nmol/l) for 15 min.
Buffer was removed and cells were resuspended in 2 vol
lysis buffer (50 mmol/l Tris–HCl pH 7.4 at 4°C, 50 mmol/l
NaF, 5 mmol/l Na pyrophosphate, 1 mmol/l Na orthovan-
adate, 1 mmol/l EDTA, 1 mmol/l EGTA, 250 mmol/l man-
nitol, 1% [v/v] Triton X-100, 1 mmol/l dithiothreitol,
0.1 mmol/l PMSF, 0.1 mmol/l benzamidine, 5 μg/ml soy-
bean trypsin inhibitor). Cells were homogenised by 20
passes in a Dounce homogeniser and the resultant homog-
enate was subjected to centrifugation (19,000×g, 20 min,
4°C).

RT-PCR and sequencing of GLUT4 PCR amplification of
GLUT4 cDNA with Pfu turbo (Stratagene, Amsterdam,
The Netherlands) was carried out with total RNA extracted
from epididymal adipose tissue with an RNA extraction kit
(Qiagen, Crawley, Sussex, UK). PCR products were cloned
into PCR2.1 vector (Invitrogen, Paisley, UK) and GLUT4
DNAwas sequenced (MWGBiotech, Milton Keynes, UK).

Subcellular fractionation of adipocytes Cells were frac-
tionated by standard techniques. Briefly, epididymal adipo-
cytes were prepared (20% cytocrit) in KRH buffer. Cells
were incubated, with shaking, at 37°C in the presence or
absence of insulin (10 nmol/l) for 15 min. Buffer was re-
moved and cells were resuspended in 4 vol HES buffer
(20 mmol/l HEPES pH 7.4, 250 mmol/l sucrose, 1 mmol/l
EDTA, 0.1mmol/l PMSF, 0.1mmol/l benzamidine, 5μg/ml
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aprotinin, 1 μg/ml leupeptin). Cells were homogenised by
20 passes in a Dounce homogeniser and the resultant
homogenate was subjected to centrifugation (19,000×g,
20 min, 4°C). The 19,000×g pellet was resuspended,
loaded onto a sucrose cushion (1.12 mol/l sucrose, 20
mmol/l HEPES, pH 7.4, 1 mmol/l EDTA) and centrifuged
(100,000×g, 1 h, 4°C). The fraction at the interface was
isolated and centrifuged (180,000×g, 1 h, 4°C) yielding the
plasma membrane (PM) fraction. The supernatant from the
19,000×g spin was centrifuged (41,000×g, 20 min, 4°C)
and the subsequent supernatant recentrifuged (180,000×g,
1 h, 4°C). The pellet corresponded to the low-density mi-
crosome (LDM) fraction. Fractions were resuspended in
HES, and protein concentration was determined using the
method of Bradford and stored at −20°C [10].

Triton X-100 solubilisation and sucrose gradient centri-
fugation of plasma membranes PM pellets were solubilised
in 2 ml MBS (25 mmol/l 2-(N-morpholino) ethanesul-
phoric acid [MES] pH 6.5, 150 mmol/l NaCl, 0.1 mmol/l
PMSF, 0.1 mmol/l benzamidine, 5 μg/ml aprotinin, 1 μg/
ml leupeptin) supplemented with 0.5% (v/v) Triton X-100.
The samples were incubated at 4°C for 20 min with end-
over-end rotation. Solubilised membranes were homoge-
nised by ten passes in a Dounce homogeniser and added to
1 vol MBS supplemented with 80% (w/v) sucrose. The
solubilised membranes (in 40% sucrose) were placed in
the bottom of a centrifuge tube and overlaid successively
with 6 ml MBS supplemented with 30% (w/v) sucrose and
3 ml MBS supplemented with (w/v) 5% sucrose. After
centrifugation (240,000×g, 18 h, 4°C), 1 ml fractions were
collected from the top of the gradient (designated frac-
tions number 1 [top] through 13 [bottom]) and immediately
supplemented with protease inhibitors. Equal volumes of
all recovered fractions were separated by SDS-PAGE and
transferred to nitrocellulose for immunoblotting analysis.

Photolabelling of GLUT4 Epididymal adipocytes were
prepared (30% cytocrit) in KRH buffer and incubated,
with shaking, at 37°C in the presence or absence of insulin
(1 or 10 nmol/l) for 15 min. Two aliquots (100 μl) from
each incubation were spotted onto the wells of a 12-well
tissue culture plate and 10 μl 2 mmol/l Bio-LC-ATB-
BGPA was added to each. The plate was irradiated for
2 min in a Rayonet UV photochemical reactor and the
cells were transferred to microcentrifuge tubes and washed
by floatation with 3×1 ml KRH. Cells were lysed in 200 μl
PBS containing 2% (w/v) Thesit and 0.1 mmol/l PMSF,
20 μl was stored at −20°C for analysis of total GLUT4
by western blotting and the remainder was centrifuged
(15,000×g, 10 min, 4°C). The infranatants were added to
25 μl 50% streptavidin-agarose and mixed at 4°C for 1 h
30 min, and the pellets were washed (5×1 ml PBS+1%
Thesit) prior to storage at −20°C.

Electrophoresis and immunoblotting Proteins were electro-
phoresed on SDS polyacrylamide gels and transblotted onto
nitrocellulose membranes as described previously [5, 6].
Immunolabelled proteins were visualised using horseradish

peroxidase-conjugated secondary antibody and the enhanced
chemiluminescence system (Amersham Biosciences).

Statistics Unless otherwise stated, results are expressed
as means±SD. Statistically significant differences were
determined using a two-tailed independent-samples Stu-
dent’s t-test, and a p value of less than 0.05 was considered
significant.

Results

We have previously demonstrated that epididymal adipo-
cytes and skeletal muscles isolated from SHRSP animals
exhibit reduced insulin-stimulated glucose uptake [5, 6].
The glucose transporter GLUT4 mediates insulin-stimu-
lated glucose transport in adipocytes and skeletal muscle
[1, 2]. We therefore examined the ability of insulin to
stimulate the translocation of GLUT4 from intracellular
membranes to the plasma membrane by determining the
distribution of GLUT4 after subcellular fractionation of
adipocytes from SHRSP and WKY animals incubated in
the presence or absence of insulin. GLUT4 exhibited trans-
location to the plasma membrane in response to acute in-
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Fig. 1 The effect of insulin on subcellular distribution of GLUT4 in
rat epididymal adipocytes. Epididymal adipocytes were isolated
from WKY rats (open bars) and SHRSP rats (filled bars) and
incubated in the presence or absence of insulin (10 nmol/l) for
15 min. Cells were homogenised and plasma membrane (PM) and
low-density microsome (LDM) fractions prepared as described in the
text. SDS-PAGE was performed using equal quantities (10 μg) from
each fraction. The distribution of GLUT4 was then studied by
immunoblotting. a Data from a single representative experiment.
b Quantification of data from six independent fractionation experi-
ments of this type (presented as arbitrary intensity units, means±SD)
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sulin treatment in both WKYand SHRSP animals (Fig. 1).
Insulin stimulated GLUT4 translocation 1.7-fold (p<0.05)
and 1.9-fold (p<0.005) in adipocyte plasma membranes
derived fromWKYand SHRSP animals, respectively. Con-
versely, stimulation with insulin resulted in a reduction of
GLUT4 in adipocyte LDM fractions of 35% (p<0.05) and
34% (p<0.05) fromWKYand SHRSP animals respectively.
However, there was no significant difference in GLUT4
expression in PM or LDM fractions obtained under basal or
insulin-stimulated conditions when comparing the two rat
strains. The trafficking of insulin-regulated aminopeptidase
(IRAP) and the v-SNARE vesicle-associated membrane
protein-2 (VAMP2) has been shown to be identical to that
of GLUT4 [11, 12]. We therefore assessed trafficking of
IRAP (Fig. 2) and VAMP2 (Fig. 3) by western blotting
of subcellular fractions obtained from SHRSP and WKY
animals incubated in the presence or absence of insulin.
IRAP exhibited translocation to the plasma membrane in
response to acute insulin treatment in both WKY and
SHRSP animals (Fig. 2). Insulin stimulated IRAP translo-
cation 2.6-fold (p<0.05) and 2.1-fold (p<0.05) in adipocyte
plasma membranes derived from WKY and SHRSP ani-
mals, respectively. Conversely, stimulation with insulin
resulted in a reduction of IRAP in adipocyte LDM fractions

of 18% (p<0.05) and 31% (p<0.05) fromWKYand SHRSP
animals respectively. However, there was no significant
difference in IRAP expression in PM or LDM fractions
obtained under basal or insulin-stimulated conditions when
comparing the two rat strains. VAMP2 exhibited no signif-
icant translocation to the plasma membrane in response to
acute insulin treatment in either WKY or SHRSP animals
(Fig. 3). However, stimulation with insulin resulted in a
reduction of VAMP2 in adipocyte LDM fractions of 40%
(p<0.05) and 26% (p<0.05) from WKY and SHRSP ani-
mals, respectively. There was no significant difference in
VAMP2 expression in PM or LDM fractions obtained
under basal or insulin-stimulated conditions when compar-
ing the two rat strains.

We next determined if the reduction in insulin-stimulated
glucose transport was the result of a mutation in the coding
sequence of GLUT4. Sequencing of GLUT4 cloned from
cDNA derived from SHRSP epididymal adipose demon-
strated that the coding sequence ofGLUT4was not different
from that of theWKY control rats (data not shown).

Using a glucose photolabel (Bio-LC-ATB-BGPA) to tag
cell surface GLUT4, we then determined the levels of
GLUT4 available to substrate at the plasma membrane of
adipocytes from WKY and SHRSP rats after stimulation
with insulin. GLUT4 exhibited translocation to the cell sur-
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Fig. 2 The effect of insulin on subcellular distribution of IRAP in rat
epididymal adipocytes. Epididymal adipocytes were isolated from
WKY rats (open bars) and SHRSP rats (filled bars) and incubated in
the presence or absence of insulin (10 nmol/l) for 15 min. Cells were
homogenised and plasma membrane (PM) and low-density micro-
some (LDM) fractions prepared as described in the text. SDS-PAGE
was performed using equal quantities (10 μg) from each fraction. The
distribution of IRAP was then studied by immunoblotting. a Data
from a single representative experiment. b Quantification of data
from four independent fractionation experiments of this type (pre-
sented as arbitrary intensity units, means±SD)
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Fig. 3 The effect of insulin on subcellular distribution of VAMP2 in
rat epididymal adipocytes. Epididymal adipocytes were isolated
from WKY rats (open bars) and SHRSP rats (filled bars) and
incubated in the presence or absence of insulin (10 nmol/l) for
15 min. Cells were homogenised and plasma membrane (PM) and
low-density microsome (LDM) fractions prepared as described in the
text. SDS-PAGE was performed using equal quantities (10 μg) from
each fraction. The distribution of VAMP2 was then studied by
immunoblotting. a Data from a single representative experiment.
b Quantification of data from four independent fractionation exper-
iments of this type (presented as arbitrary intensity units, means±SD)
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face in response to acute insulin treatment in bothWKYand
SHRSP animals in a dose-dependent manner (Fig. 4). After
insulin stimulation (10 nmol/l), cell surface GLUT4 was
significantly attenuated in SHRSP adipocytes (56% of cell
surface GLUT4 in WKY adipocytes, p<0.05). There was
no significant difference in the total cellular expression of
GLUT4 between the rat strains as illustrated in Fig. 4.

In muscle, discrepancies have been observed between
the magnitude of GLUT4 translocation and glucose trans-
port and it has been proposed that there is an increase in
the intrinsic activity of GLUT4 in addition to its translo-
cation [13]. Furthermore, insulin stimulation of p38MAPK
has been proposed to account for this increase in intrinsic
activity [12]. We therefore examined the effects of in-
sulin on p38MAPK activity using an antibody that recog-
nises doubly phosphorylated (T180 and Y182) p38MAPK
(Fig. 5a). Phosphorylation at these sites is necessary for
activation of p38MAPK. Western blotting of lysates pre-
pared from SHRSP and WKY adipocytes incubated in the
presence or absence of insulin revealed no significant al-
teration in p38MAPK expression in SHRSP compared
with WKY (Fig. 5b). In addition, incubation with insulin
had no significant effect on the amount of phosphorylated
p38MAPK in either rat strain (Fig. 5c). The levels of
phosphorylated p38MAPK were also not significantly dif-
ferent between the strains.

It has previously been shown that insulin stimulates
GLUT4 translocation to the PM, followed by transition of
GLUT4 to a caveolin-rich plasma membrane lipid raft do-
main in rat epididymal adipocytes [14]. We therefore deter-
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Fig. 5 The effect of insulin on p38MAPK phosphorylation in rat
epididymal adipocytes. Epididymal adipocytes were isolated from
WKY rats (open bars) and SHRSP rats (filled bars) and incubated in
the presence or absence of insulin (10 nmol/l) for 15 min. Cell
lysates were prepared and SDS-PAGE was performed using equal
quantities (10 μg) of protein. The expression of p38MAPK and
extent of p38MAPK phosphorylation were assessed by immunoblot-
ting. aData from a single representative experiment. bQuantification
of p38 expression. c p38 phosphorylation from three independent
experiments (presented as arbitrary intensity units, means±SD)
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rich domains in rat epididymal adipocytes plasma membrane frac-
tions. Epididymal adipocytes were isolated from WKY and SHRSP
rats and incubated in the presence of insulin (10 nmol/l) for 15 min.
Cells were homogenised and PM pellets prepared, solubilised and
subjected to discontinuous sucrose gradient centrifugation as de-
scribed in the text. Fractions were collected from the top of the
gradient (fraction 1 is the top fraction) and SDS-PAGE was per-
formed using equal volumes (20 μl) from each fraction. The
distribution of GLUT4 and caveolin was then studied by immuno-
blotting using the antibodies indicated. Immunoblots from a single
representative experiment are shown
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Fig. 4 Insulin-stimulated GLUT4 translocation to the cell surface is
attenuated in SHRSP adipocytes compared with in WKY controls.
Epididymal adipocytes were isolated from WKY rats (open bars)
and SHRSP rats (filled bars) and incubated in the presence or
absence of insulin (1 or 10 nmol/l) for 15 min. Cell surface GLUT4
was tagged with the biotinylated photolabel Bio-LC-ATB-BGPA
and separated using streptavidin-agarose as described in the text.
SDS-PAGE was performed on both streptavidin-agarose-precipi-
tated proteins and whole cell lysate. The levels of GLUT4 were then
studied by immunoblotting. a Data from a single representative ex-
periment. b Quantification of data from five independent fraction-
ation experiments of this type, performed in duplicate (presented as
arbitrary intensity units, means±SD)
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mined the proportion of PM GLUT4 in caveolin-rich lipid
raft fractions after insulin stimulation of SHRSP and WKY
adipocytes. This procedure separates solubilised proteins
from insoluble lipid rafts, as shown by the separation of
caveolin (a marker protein for rafts) (Fig. 6). Solubilised
proteins remain in the 40% sucrose layer, whereas insoluble
rafts accumulate at the interface of the 5% and 30% sucrose
layers. Western blotting of discontinuous sucrose gradient
fractions prepared from WKY and SHRSP plasma mem-
branes incubated in the presence of insulin revealed that
a small proportion (4±1% and 4±2% respectively, n=3)
of total PM GLUT4 is present in caveolin-rich fractions
(Fig. 6). There was no significant difference in distribution
between the strains. The expression and distribution of
caveolin in adipocyte PM fractions was also not signifi-
cantly different between the strains (data not shown).

Discussion

Insulin resistance is associated with a number of metabolic
and haemostatic abnormalities including hypertension [15].
We have recently demonstrated that the SHRSP, which is
considered to be a good model for human essential hyper-
tension, exhibits impaired insulin action in isolated adi-
pocytes and skeletal muscles [5, 6]. In this study we have
determined the effect of insulin on GLUT4 translocation to
the plasma membrane in isolated adipocytes from SHRSP
and WKY. The most significant findings of this study were
that the magnitude of insulin-stimulated trafficking of
GLUT4 from intracellular membranes to the plasma mem-
brane was not significantly different between SHRSP and
WKY animals, yet SHRSP animals exhibited markedly
reduced GLUT4 available to a glucose photolabel com-
pared with WKY controls. We propose that this reduction
in bioavailable GLUT4 underlies impaired insulin-stimu-
lated glucose transport in adipocytes derived from SHRSP
animals.

The magnitude of insulin-stimulated GLUT4, IRAP and
VAMP2 translocation from LDM to PM fractions is quan-
titatively similar to that previously demonstrated in 3T3-L1
adipocytes [7, 16, 17]. The lack of any significant differ-
ence in insulin-stimulated GLUT4 translocation (in addi-
tion to IRAP and VAMP2) between the rat strains indicates
that the markedly attenuated insulin-stimulated glucose
transport we have demonstrated previously in SHRSP adi-
pocytes [5] is not due to reduced trafficking of GLUT4 to
the plasma membrane. In addition, the reduced insulin-stim-
ulated glucose transport is not a result of altered GLUT4
protein expression or variant GLUT4 protein sequence.

Using the photolabel Bio-LC-ATB-BGPA we demon-
strated that markedly reduced GLUT4 at the plasma mem-
brane after insulin stimulation was available to substrate
in SHRSP compared with WKY rats. This implies that a
large proportion ofGLUT4 translocated to the plasmamem-
brane in response to insulin is not able to bind substrate and
catalyse transport in the SHRSP. Therefore, there is a re-
duction in bioavailable GLUT4 in SHRSP animals that is

likely to account, at least in part, for the reduced insulin-
stimulated glucose uptake.

It has been proposed that discrepancies between the mag-
nitude of insulin-stimulated glucose transport and GLUT4
translocation demonstrated in adipocytes and muscle are
the result of insulin stimulating both the translocation of
GLUT4 and increasing the intrinsic activity of the trans-
porters [13]. Furthermore, p38MAPK has been proposed as
a candidate that mediates insulin stimulation of GLUT4
intrinsic activity [13]. In 3T3-L1 adipocytes, insulin has
been demonstrated to stimulate p38MAPK phosphoryla-
tion (a measure of activity) [18, 19]. However, insulin had
no effect on p38MAPK phosphorylation in human adi-
pocytes from healthy subjects or patients with type 2
diabetes [18]. Insulin had no effect on p38MAPK phos-
phorylation in either rat strain in the current study. The
discrepancies between these studies are likely to be a result
of the different tissues used, and in this respect 3T3-L1
adipocytes may not reflect the signalling pathways utilised
in either human or rat isolated adipocytes. We cannot,
therefore, rule out impaired insulin-stimulated increases in
GLUT4 intrinsic activity as a mechanism behind reduced
insulin-stimulated glucose transport in the SHRSP animals.
It is unlikely, however, that aberrant insulin-stimulated
p38MAPK activity underlies this. Increased expression of
p38MAPK has been reported in adipocytes from patients
with type 2 diabetes compared with healthy controls [18].
Although there was a tendency for increased p38MAPK
expression in SHRSP animals, this did not reach signifi-
cance in the current study.

It has been demonstrated that GLUT4 is partially lo-
calised in lipid rafts in both rat epididymal adipocytes and
cultured 3T3-L1 adipocytes [14, 20]. A small proportion
of the total GLUT4 in plasma membranes is localised to
caveolin-rich lipid raft domains in both rat strains in the
current study after insulin stimulation. The lack of signif-
icant difference in the proportion of total GLUT4 in these
fractions between the rat strains indicates that the reduced
insulin-stimulated glucose transport in SHRSP adipocytes
is not due to altered association of GLUT4 with such lipid
raft domains.

An alternative explanation for the reduced insulin-stim-
ulated glucose transport in the SHRSP is that a large pro-
portion of GLUT4 translocated to the plasma membrane in
response to insulin is not inserted appropriately in the mem-
brane, or is in vesicles that are docked with the plasma
membrane but have not fused efficiently or appropriately
with it. Such vesicles would be indistinguishable from the
plasma membrane as assessed by western blotting after
subcellular fractionation, but might well be inaccessible to
photolabel.

Intriguingly, adipocytes derived from SHRSP share com-
mon features with adipocytes derived from rats subjected
to long-term ethanol feeding [21, 22]. Epididymal adi-
pocytes from ethanol-fed rats exhibit markedly reduced
insulin-stimulated glucose transport and reduced insulin-
stimulated surface accessibility of GLUT4 to a photolabel
similar to that used in this study, whereas there was only
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a small reduction in insulin-stimulated translocation of
GLUT4 to the plasma membrane [22]. Furthermore, acti-
vation of adenosine A1 receptors increased glucose trans-
port in adipocytes from both ethanol-fed and control rats
[22]. The authors of that study argued that ethanol-induced
increases in stimulatory heterotrimeric G-proteins (Gs) rel-
ative to inhibitory heterotrimeric G-proteins (Gi) contrib-
ute to the decreased ability of insulin to stimulate glucose
transport in these cells [22]. In the current study, adipo-
cytes were isolated and manipulated in the presence of
200 nmol/l adenosine. As Gi-linked A1 receptors represent
the major adenosine receptor subtype present in adipo-
cytes, it seems unlikely that reduced stimulation of Gi

would have occurred in the present study unless the Gi sys-
tem is aberrant in SHRSP adipocytes. The Gs and Gi sig-
nalling systems have yet to be characterised in SHRSP
adipocytes. Indeed, altered Gs/Gi protein expression, defec-
tive receptor-G protein coupling or aberrant downstream
signalling cannot be discounted as a mechanism that un-
derlies attenuated insulin-stimulated glucose transport in
SHRSP adipocytes and further investigations are required.

Isoproterenol has been demonstrated to inhibit insulin-
stimulated glucose transport and exposure of GLUT4 to
photolabel in rat adipocytes without altering GLUT4 ex-
pression at the plasma membrane [23]. The effects of iso-
proterenol on insulin-stimulated glucose transport were
mimicked by acidification and reversed by alkalinisation of
the adipocytes, suggesting the effects of insulin are pH
sensitive [24]. Insulin has been proposed to stimulate alka-
linisation by stimulation of Na+/H+ exchange in eryth-
rocytes and myocytes [24, 25]. However, Na+/H+ exchange
has been shown to be elevated in vascular smooth muscle
cells derived from SHRSP [26], arguing against a role for
reduced cell alkalinisation in aberrant insulin-stimulated
GLUT4 translocation in adipocytes. Further studies are
required, however, to determine whether a perturbation in
intracellular pH explains the aberrant insulin-stimulated
glucose transport in the SHRSP adipocytes.

Insulin-stimulated translocation of GLUT4 to the plas-
ma membrane is a highly regulated process. The fidelity of
this process is mediated at least in part by SNARE proteins
[27]. In adipocytes and muscle, the SNAREs syntaxin 4
and VAMP2 have been identified as being of crucial
importance in insulin-stimulated GLUT4 translocation [7,
12, 28, 29]. We have previously demonstrated that ex-
pression of syntaxin 4 and VAMP2 is increased in muscles
derived from SHRSP animals compared with in WKY
animals [6], in addition to in the Zucker diabetic fatty rat
[30]. In the current study, there was no significant dif-
ference in the expression of VAMP2 in PM and LDM
fractions between the strains, but this does not preclude
increased total VAMP2 expression in SHRSP adipocytes.
It remains to be determined whether the upregulation of
SNAREs in muscle is a causal or adaptive mechanism in
the pathogenesis of insulin resistance in the SHRSP. Fur-
ther studies to determine whether there is increased ex-
pression of SNAREs in SHRSP adipocytes relative to
WKY are required.

In conclusion, there is reduced bioavailable GLUT4
present in the plasma membrane of SHRSP adipocytes
compared with in WKY control animals. This impairment is
likely to underlie the reduced insulin-stimulated glucose
transport exhibited in adipocytes from SHRSP animals. Fur-
ther studies are required to determine the molecular mech-
anism(s) by which this impairment is manifest.
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