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Insulin Resistance and GLUT-4 Glucose Transporter in Adipocytes
From Hypertensive Rats

Gladys E. Chiappe De Cingolani and Claudia I. Caldiz

o investigate the mechanisms that cause insulin resistance in hypertension, experiments were performed to study the effect

f insulin on glucose transport, GLUT-4 translocation from intracellular to plasma membranes and GLUT-4 phosphorylation

n isolated adipocytes from normotensive Wistar (W) and spontaneously hypertensive rats (SHR). Glucose transport was

easured in adipocytes incubated with 3-O-D[Methyl-3H] glucose with and without insulin (0.1 to 5 nmol/L). GLUT-4 protein

as determined by Western blot immunoanalysis with GLUT-4 antibody. Phosphorylation of GLUT-4 was measured by

mmunoprecipitation with GLUT-4 antibody followed by immunoanalysis with phosphoserine or phosphothreonine antibod-

es. Compared with adipocytes from W, insulin-stimulated glucose transport was lower in the SHR (P < .05). GLUT-4 protein

xpression was similar in adipocytes from W and SHR. Insulin increased GLUT-4 translocation from intracellular to plasma

embranes in both groups. This effect was lower in the SHR (P < .05). The effect of insulin on GLUT-4 serine phosphorylation

howed no changes in plasma membranes from W and decreased in the SHR (P < .05). In intracellular membranes, insulin

ncreased specific GLUT-4 serine phosphorylation in both groups (P < .05), but the increase was lower in the SHR (P < .05).

he results suggest that a deficient GLUT-4 translocation to plasma membranes in response to insulin shown in adipocytes

rom SHR, which was accompanied by a decrease in GLUT-4 phosphorylation at serine site, could be one of the causes of

nsulin resistance in hypertension.
2004 Elsevier Inc. All rights reserved.
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LTHOUGH INSULIN resistance is frequently observed in
hypertension, the mechanisms involved are controver-

ial. It has been proposed that the increase in peripheral resis-
ance may induce insulin resistance by decreasing nutritional
lood flow and, consequently, glucose delivery to peripheral
issues.1-3 However, others have reported that decreasing blood
ressure does not improve insulin sensitivity in both human
ubjects4,5 and experimental animals.6 In addition, we and other
nvestigators have shown insulin resistance in isolated adipo-
ytes from spontaneously hypertensive rats.7,8 This latter find-
ng argues against the hypothesis that vasoconstriction might be
he cause of insulin resistance in hypertension.

The rate-limiting step in the uptake and metabolism of glu-
ose by insulin target cells is glucose transport,9 which is
ediated by specific glucose transporters of the plasma mem-

rane. In normal muscle cells and adipocytes, the glucose
ransporter isoform is GLUT-4, a 12-transmembrane domain
rotein that mediates transport of glucose in the direction of
lucose gradient.10,11 Insulin promotes GLUT-4 incorporation
nto plasma membrane, and this translocation from intracellular
ompartments appears to fail in the insulin resistance present in
ome form of diabetes.12-15

An increase of glucose transport by inhibiting the specific
erine-threonine phosphatases PP1 and PP2A with okadaic acid
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as been reported.16-20 Therefore, a phosphorylation event may
e involved in the exocytic fusion of GLUT-4–containing
esicles with the plasma membrane. Two classes of serine/
hreonine kinases known to act downstream of phosphatidyl-
nositol (PI)3-kinase, namely Akt or PKB, and the atypical
KC isoforms � and � were implicated in the insulin-stimulated
LUT-4 translocation.21-24 Despite the fact that these studies
emonstrate that PI3-kinase function is a necessary event,
everal lines of evidence have demonstrated that this is not
ufficient and that insulin must generate additional signals that
unction in conjunction with PI3-kinase.25-29

GLUT-4 phosphorylation induced by different agonists in
dipocytes prelabeled with 32Pi was unrelated to an increase in
lucose transport.30-32 In this report, we are presenting evidence
hat insulin-stimulated GLUT-4 translocation is decreased in
dipocytes from hypertensive animals. This impaired GLUT-4
ranslocation could be related to a deficient GLUT-4 phosphor-
lation at serine site.

MATERIALS AND METHODS

nimals

Male spontaneously hypertensive (SHR) (5-months-old) and age-
atched normotensive Wistar (W) rats originally from Charles River
reeding Laboratories (Wilmington, MA) and bred in our institution
ere used throughout this study. The study was performed according to

he Guide for the Care and Use of Laboratory Animals published by the
S National Institutes of Health (NIH Publication No. 85-23, revised
996). Animal body weight (BW) and blood pressure were determined
nce a week. Systolic blood pressure (BP) was measured with the
ndirect tail-cuff technique.33 Rats were killed by decapitation and the
eart and epididymal fat pads were removed. Atria and all adjacent
onnective tissue were removed, and the remaining tissue was blotted
nd weighed to determine heart weight (HW). The ratio between HW
n milligrams and BW weight in grams was taken to measure hyper-
rophy. Epididymal fat pads were used to isolate adipocytes.

dipocytes

Isolated adipocytes were obtained by digestion of epididymal fat pad
ith collagenase (Worthington, Freehold, NJ).34 Krebs Ringer-3-[(N-

orpholino) propanesulfonic acid] (KRM) at pH 7.4 containing 4%

Metabolism, Vol 53, No 3 (March), 2004: pp 382-387
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383INSULIN RESISTANCE AND GLUCOSE TRANSPORTER
ovine serum albumin (BSA, Fraction V, Gibco BRL, Grand Island,
Y) was used as incubation buffer.

lucose Transport

Glucose transport was determined as previously described.7 Briefly,
ooled adipocytes from 3 rats were suspended (106 cells/mL) in KRM
t pH 7.4 with 2% BSA and 2 mmol/L pyruvate. Aliquots of the cell
uspension were preincubated at 37°C for 30 minutes, followed by a
0-minute incubation with and without 0.1 to 5 nmol/L insulin. Glu-
ose transport was initiated by addition of 0.1 mmol/L 3-O-D-[Methyl-
H] glucose (42 mCi/mmol, New England Nuclear, Boston, MA). After

seconds, uptake was stopped with 400 �L 1 mmol/L phloretin.
liquots of the cell suspension were pipetted into microcentrifuge

ubes containing silicone oil (Thomas Scientific, Swedesboro, NJ) and
entrifuged for 30 secomds at 10,000 � g. The tubes were cut through
he oil layer, and the radioactivity associated with the cells was mea-
ured. Noncarrier-mediated uptake was assessed in parallel incubations
ith 400 �mol/L phloretin and the value subtracted from each deter-
ination. The assay was performed in triplicate and the results were

veraged. Results were expressed as nanomoles of 3-O-D[Methyl-
H]glucose/105 cells per 8 seconds.

ubcellular Fractionation of Adipocytes

To study the effect of insulin on subcellular distribution and phos-
horylation of fat cell GLUT-4, adipocytes from 3 to 6 rats were
repared. The fat cells were suspended in KRM 4% BSA at pH 7.4 and
ncubated as described for glucose transport with and without 5 nmol/L
nsulin. Plasma membrane-enriched fraction (PM) and intracellular
embranes (ICM) were prepared by a previously characterized proce-

ure.35 Adipocytes were homogenized in Buffer A (in mmol/L: 250
ucrose, 20 Tris, 1.2 EGTA, 20 �-mercaptoethanol containing 1 phe-
ylmethylsulfonyl fluoride [PMSF], 4 leupeptin, 0.5 aprotinin as pro-
ease inhibitors, and 1 Na2P207, 1 NaF to inhibit phosphatases). The
omogenate was centrifuged at 3,000 � g for 15 minutes. The infranate
as centrifuged for 30 minutes at 20,000 � g to obtain PM, and the

upernatant was centrifuged at 400,000 � g for 60 minutes to obtain
CM. Membrane fractions were resuspended in buffer B (in mmol/L:
50 sucrose, 20 Tris, 1 EDTA, 25 NaF, 10 Na2P207 and protease
nhibitors). Protein was determined by the method of Bradford.36

mmunoprecipitation of GLUT-4

Subcellular membrane fractions were treated with lysis buffer con-
isting of 1% Triton X-100, 100 mmol/L NaCl in buffer B and incu-
ated with 30 �L/mL protein A Sepharose (8% wt/vol in buffer B) for
hour. The protein A Sepharose was pelleted at 10,000 � g for 1
inute and the supernatant was incubated overnight with 2 �g/mL

olyclonal GLUT-4 antibody (Biogenesis, Kingston, NH). After this,
% BSA and 30 �L/mL protein A Sepharose were added, and the
ncubation was continued for an additional 2 hours. The protein A
epharose-antigen-antibody pellets were separated by centrifugation
nd washed twice with lysis, once with 0.1% TritonX-100, 50 mmol/L
ris, 300 mmol/L NaCl, 5 mmol/L EDTA, 0.02% azide and once with
0 mmol/L Tris pH 6.8.

mmunoanalysis by Western Blot

Polyacrylamide-gel electrophoresis (PAGE) of fat cell membranes or
rotein A-antigen-antibody pellets obtained by immunoprecipitation of
at cell membranes was performed on 10% sodium dodecyl sulfate
SDS)-PAGE. The samples were solubilized by addition of sample
uffer containing 125 mmol/L Tris-HCl pH 6.8, 8% SDS, 40% glyc-
rol, 20% �-mercaptoethanol with bromophenol blue as a tracking dye.
he separated proteins were transferred to polyvinylidene difluoride

embranes (PVDF, Millipore Bedford, MA). Immunoanalysis was
erformed with rabbit polyclonal antibody to GLUT-4 (Biogenesis)
ouse antiphosphoserine (Chemicon, Temecula, CA) or antiphospho-

hreonine (Santa Cruz, Santa Cruz, CA) antibodies as applied. The blots
ere developed by incubation with a polyclonal goat antirabbit or

ntimouse immunoglobulin coupled to peroxidase (Santa Cruz) and
nhanced chemiluminescence. The membranes were exposed to Kodak
Rochester, NY) X-OMAR AR and the autoradiographies analyzed
ith an Ultroscan XL densitometer (Pharmacia, Uppsala, Sweden). The

esults were expressed in arbitrary units.

tatistics

The t test (Table 1), 2-way analysis of variance (ANOVA) (Fig 1),
nd 1-way ANOVA with Bonferroni posttest (Figs 2, 3, and 4) were
sed to analyze the results. P � .05 was considered statistically
ignificant.

RESULTS

General characteristics of the W and SHR groups are shown
n Table 1. Systolic BP, HW, and cardiac hypertrophy (HW/
W) were significantly elevated in SHR compared with W rats

P �0.05). Although BW was lower in the SHR (P � .05), the
pididymal fat pad weights were similar in both groups of
nimals.

Insulin-stimulated glucose transport in adipocytes from W
nd SHR rats is shown in Fig 1. The results from 5 experiments
how that compared with normotensive rats glucose transport
n adipocytes from the SHR was significantly impaired. Max-
mal glucose uptake in adipocytes from W and SHR groups was
.63 � 0.05 and 0.35 � 0.03 nmol/105cells, respectively (P �

05). Basal glucose transport was similar in adipocytes from W
0.11 � 0.02) and SHR (0.13 � 0.02 nmol/105 cells). Insulin
ensitivity determined as the concentration of insulin required
o reach half-maximal effect on glucose transport (EC50) was
he same in both groups of animals. EC50 � 0.10 � 0.04 and
.11 � 0.03 nmol/L in normotensive and hypertensive rats,
espectively.

The effect of insulin on subcellular distribution of the
LUT-4 glucose transporter isoform was next analyzed. The

utoradiography from 1 experiment in Fig 2A shows the dis-
ribution of GLUT-4 between PM and ICM from W and SHR
dipocytes incubated during 10 minutes in the absence and
resence of 5 nmol/L insulin. The overall results from 5 ex-
eriments in Fig 2B show that in the absence of insulin,
LUT-4 is mainly localized in ICM. This distribution, as well

s the amount of GLUT-4 protein expression in PM and ICM,
ere similar in adipocytes from W and SHR. The same ex-
ression of GLUT-4 protein in PM from W and SHR is in
greement with the same basal glucose transport observed in
dipocytes from both groups.

Table 1. General Characteristics of W and SHR Rats

Animals
BP

(mm Hg)
BW
(g)

HW
(mg)

HW/BW
(mg/g)

W (n � 60) 120.5 � 1.0 321.8 � 9.5 814 � 29 2.53 � 0.05
SHR (n � 60) 181.2 � 4.1* 267.5 � 6.0* 898 � 24* 3.36 � 0.09*

Abbreviations: W, Wistar; SHR, spontaneously hypertensive rats;
P, systolic blood pressure; BW, body weight; HW, heart weight.
*P � .05 v W (t test).
Figure 2A shows that insulin induced an increase of GLUT-4
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384 CHIAPPE DE CINGOLANI AND CALDIZ
n PM and a decrease in ICM in adipocytes from both strains.
owever, the effect of insulin promoting the translocation of
LUT-4 from ICM to PM was lower in the SHR. The results

rom 5 experiments are shown in Fig 2C. Compared with
dipocytes incubated under basal conditions, insulin elicited a
3.3% � 15.0% increase of GLUT-4 in PM from W, whereas
n the SHR, the increase was significantly lower (42.7% �
3.2%, P � .01). On the other hand, the decrease of GLUT-4
nduced by insulin in ICM was 60.0% � 3.3% in W and 20.0%

5.1% in the SHR (P � .05).
Because phosphorylation events have been implicated in

LUT-4 translocation in response to different stimuli,16-20 we
ext analyzed the effect of insulin on GLUT-4 phosphorylation
t serine and threonine sites in adipocytes from normotensive
nd hypertensive rats. Subcellular membrane fractions were
mmunoprecipitated with GLUT-4 antibody and immunoana-
yzed in duplicate by Western blot. One blot was probed with
pecific phosphoserine (PhSer) or phosphothreonine (PhThr)
ntibody and the other one with GLUT-4 antibody. The auto-
adiography from 1 experiment in Fig 3A shows the effect of
nsulin on GLUT-4 phosphorylation (PhSer-GLUT-4) and
LUT-4 protein distribution between PM and ICM. The results

rom 5 experiments showing PhSer-GLUT-4 are depicted in
ig 3B and Fig 3C. Basal phosphorylation in PM (Fig 3B) and
CM (Fig 3C) was the same in normotensive and hypertensive
ats. In the presence of insulin, Fig 3B shows an increase of
hSer-GLUT-4 in PM from W from 2.20 � 0.34 to 4.42 �
.32 arbitrary units (P � .05), without significant changes in
M from the SHR (2.07 � 0.48 and 2.30 � 0.15 arbitrary units,
espectively. In ICM (Fig 3C), insulin increased PhSer-
LUT-4 in both groups. In W from 2.23 � 0.18 to 3.21 � 0.28

P � .05) and in the SHR from 2.01 � 0.21 to 4.34 � 0.20
rbitrary units (P � .05). This effect of insulin on GLUT-4
hosphorylation in ICM from the SHR was higher than in W
P � .05).

Fig 1. Effect of insulin on glucose transport by isolated adipocytes

rom W and SHR rats. Adipocytes were incubated with and without

nsulin (0.1 to 5 nmol/L) as described in Materials and Methods. Basal

lucose transport was subtracted from each value in the presence of

nsulin. Results are the means � SE of 5 experiments performed in

riplicate. Insulin-stimulated glucose transport was lower in the SHR

P < .05, 2-way ANOVA).
Negligible phosphorylation of GLUT-4 at threonine site was c
bserved, and it was not affected by incubation with insulin
not shown).

Because insulin induces changes in subcellular distribution
f GLUT-4 (see Fig 2), GLUT-4 phosphorylation relative to
LUT-4 protein was calculated by the ratio between the area
alues of PhSer-GLUT-4 peaks to those of GLUT-4 protein
aken from the experiments described in Fig 3. Figure 4 shows
hat insulin did not change the ratio PhSer-GLUT-4/GLUT-4 in
M from W rats, which means that the effect of insulin in-
reasing GLUT-4 translocation from ICM fraction to PM was
ccompanied by a concomitant increase in PhSer-GLUT-4. In
M from the SHR, the ratio was decreased by insulin indicating

hat the lower translocation of GLUT-4 in response to insulin in
he SHR shown in Fig 2 was also accompanied by a lower
erine phosphorylation of GLUT-4. In ICM, insulin increased
he ratio PhSer-GLUT-4/GLUT-4 in both groups. However,

Fig 2. Effect of 5 nmol/L insulin on GLUT-4 distribution between

M and ICM in adipocytes from W and SHR rats. (A) Immunoblot

rom 1 experiment probed with GLUT-4 antibody. (B) Results from 5

xperiments show in arbitrary units the distribution of GLUT-4 be-

ween PM and ICM from adipocytes of W and SHR incubated without

nsulin, *P < .05 v PM (1-way ANOVA). (C) Effect of 5 nmol/L insulin

xpressed as % increase from basal GLUT-4 in PM and as % decrease

rom basal GLUT-4 in ICM from adipocytes of both groups. *P < .05
ompared with W (1-way ANOVA). Results are the means � SE.
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385INSULIN RESISTANCE AND GLUCOSE TRANSPORTER
he effect of insulin was lower in the SHR (P � .05) compared
ith W.
The overall results indicate that the diminished effect of

nsulin on glucose transport in the SHR is accompanied with a
eficient translocation of GLUT-4 from intracellular compart-
ents to PM. Similar GLUT-4 protein expression was obtained

n adipocytes from W and SHR. In addition, compared with
dipocytes from normotensive animals, a decrease of PhSer-
LUT-4 in response to insulin in PM and ICM from the SHR
as also observed.

Fig 3. Effect of 5 nmol/L insulin on PhSerGLUT-4 and GLUT-4

rotein in PM and ICM from adipocytes of W and SHR rats. Subcel-

ular membrane fractions were immunoprecipitated with GLUT-4

ntibody and immunoanalyzed in duplicate by Western blot. One

lot was probed with specific PhSer antibody and the other one with

LUT-4 antibody. (A) Immunoblots from 1 experiment probed with

ntiphosphoserine and anti–GLUT-4 antibodies, respectively. Results

rom 5 experiments are shown in (B) and (C). (B) PhSerGLUT-4 in PM

rom W and SHR adipocytes incubated without and with insulin,

P < .05 v basal (1-way ANOVA). (C) PhSerGLUT-4 in ICM from W and

HR adipocytes incubated without and with insulin, *P < .05 com-

ared with W and SHR without insulin, respectively; †P < .05 v W

lus insulin (1-way ANOVA). Results are the means � SE.
a

DISCUSSION

In this study, the effect of insulin on glucose transport,
LUT-4 translocation from intracellular compartments to PM

nd GLUT-4 phosphorylation at serine site in adipocytes from
ormotensive and hypertensive rats were compared.
Under basal conditions glucose transport in adipocytes from
and SHR rats was similar, but the maximal glucose uptake

n response to insulin was lower in the SHR without changes in
nsulin sensitivity. These data are in accordance with our pre-
iously reported results.7 Glucose transport across PM seems to
e the rate-limiting step of glucose metabolism.9 GLUT-4 is
ecycled between PM and intracellular storage pools, and the
teady-state distribution of GLUT-4 under basal conditions
avors intracellular compartments over PM.11,37,38 These find-
ngs have been confirmed in the present study. Our data show
hat GLUT-4 protein expression under basal conditions in PM
nd ICM was not different in adipocytes from normotensive
nd hypertensive rats. This is consistent with the same basal
lucose transport in both groups of animals. Moreover, the
ecrease in insulin-stimulated glucose uptake in adipocytes
rom SHR is not caused by a deficient GLUT-4 protein expres-
ion. In other models of insulin resistance, such as obesity39

nd type 2 diabetes,40 a significant reduction in GLUT-4 pro-
ein expression in adipose tissue was reported. In the presence
f insulin, the equilibrium of the recycling process is changed
n favor of the translocation of GLUT-4 from intracellular
torage sites to PM.41,42 This effect of insulin on GLUT-4
ranslocation was impaired in adipocytes from hypertensive
ats.

In experiments performed with adipocytes incubated in the
resence of okadaic acid to inhibit serine-threonine phospha-
ases, it has been proposed that insulin increases PM GLUT-4
evel largely by preventing GLUT-4 internalization as a result
f GLUT-4 dephosphorylation.16,18,20 According to our results,
pecific GLUT-4 serine phosphorylation in response to insulin

Fig 4. From the experiments described in Fig 3, the effect of 5

mol/L insulin on the specific GLUT-4 phosphorylation (PhSerGLUT-

/GLUT-4) in PM and ICM from W and SHR adipocytes was calcu-

ated. Compared with basal value, insulin did not change specific

hSerGLUT-4 in PM from W and decreased in PM from SHR (P < .05).

n ICM from both groups, insulin increased specific PhSerGLUT-4

ompared with basal (P < .05,) but this increase was lower in the

HR. †P < .05 compared with W plus insulin (1-way ANOVA). Results
re the means � SE.
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386 CHIAPPE DE CINGOLANI AND CALDIZ
as unchanged in PM from adipocytes of normotensive ani-
als (see Fig 4); ie, the increase in PM GLUT-4 in response to

nsulin was accompanied by a simultaneous increase in serine-
hosphorylation. This effect of insulin was not observed in
dipocytes from hypertensive animals, because insulin de-
reased specific GLUT-4 serine-phosphorylation in PM. In
CM, insulin stimulated specific GLUT-4 serine-phosphoryla-
ion in adipocytes from both strains, but this effect was lower
n the SHR (Fig 4). These results suggest that GLUT-4 phos-
horylation at serine site is required for GLUT-4 translocation
o PM, and that the diminished translocation of GLUT-4 found
n the SHR was due to a deficient GLUT-4 serine-phosphory-
ation.

Under similar conditions, phosphorylation of GLUT-4 at
hreonine site was scanty and unaffected by insulin. This neg-
tive result reinforces the proposal that phosphorylation at
erine residue is necessary to increase GLUT-4 translocation in
esponse to insulin. Our results are in disagreement with pre-

ious studies in which Glut-4 phosphorylation was not consid- r
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