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To investigate the mechanisms that cause insulin resistance in hypertension, experiments were performed to study the effect
of insulin on glucose transport, GLUT-4 translocation from intracellular to plasma membranes and GLUT-4 phosphorylation
in isolated adipocytes from normotensive Wistar (W) and spontaneously hypertensive rats (SHR). Glucose transport was
measured in adipocytes incubated with 3-O-D[Methyl-*H] glucose with and without insulin (0.1 to 5 nmol/L). GLUT-4 protein
was determined by Western blot immunoanalysis with GLUT-4 antibody. Phosphorylation of GLUT-4 was measured by
immunoprecipitation with GLUT-4 antibody followed by immunoanalysis with phosphoserine or phosphothreonine antibod-
ies. Compared with adipocytes from W, insulin-stimulated glucose transport was lower in the SHR (P < .05). GLUT-4 protein
expression was similar in adipocytes from W and SHR. Insulin increased GLUT-4 translocation from intracellular to plasma
membranes in both groups. This effect was lower in the SHR (P < .05). The effect of insulin on GLUT-4 serine phosphorylation
showed no changes in plasma membranes from W and decreased in the SHR (P < .05). In intracellular membranes, insulin
increased specific GLUT-4 serine phosphorylation in both groups (P < .05), but the increase was lower in the SHR (P < .05).
The results suggest that a deficient GLUT-4 translocation to plasma membranes in response to insulin shown in adipocytes
from SHR, which was accompanied by a decrease in GLUT-4 phosphorylation at serine site, could be one of the causes of

insulin resistance in hypertension.
© 2004 Elsevier Inc. All rights reserved.

LTHOUGH INSULIN resistance is frequently observed in
hypertension, the mechanisms involved are controver-
sid. It has been proposed that the increase in peripheral resis-
tance may induce insulin resistance by decreasing nutritional
blood flow and, consequently, glucose delivery to peripheral
tissues.1-3 However, others have reported that decreasing blood
pressure does not improve insulin sensitivity in both human
subjects** and experimental animals.® In addition, we and other
investigators have shown insulin resistance in isolated adipo-
cytes from spontaneously hypertensive rats.”8 This latter find-
ing argues against the hypothesis that vasoconstriction might be
the cause of insulin resistance in hypertension.

The rate-limiting step in the uptake and metabolism of glu-
cose by insulin target cells is glucose transport,® which is
mediated by specific glucose transporters of the plasma mem-
brane. In normal muscle cells and adipocytes, the glucose
transporter isoform is GLUT-4, a 12-transmembrane domain
protein that mediates transport of glucose in the direction of
glucose gradient.10.11 [nsulin promotes GLUT-4 incorporation
into plasma membrane, and this translocation from intracellular
compartments appearsto fail in the insulin resistance present in
some form of diabetes.12-15

An increase of glucose transport by inhibiting the specific
serine-threonine phosphatases PP1 and PP2A with okadaic acid

has been reported.16-20 Therefore, a phosphorylation event may
be involved in the exocytic fusion of GLUT-4—containing
vesicles with the plasma membrane. Two classes of serine/
threonine kinases known to act downstream of phosphatidyl-
inositol (PI)3-kinase, namely Akt or PKB, and the atypical
PKC isoforms & and A were implicated in the insulin-stimul ated
GLUT-4 trandocation.21-24 Despite the fact that these studies
demonstrate that Pl3-kinase function is a necessary event,
several lines of evidence have demonstrated that this is not
sufficient and that insulin must generate additional signals that
function in conjunction with PI3-kinase.2529

GLUT-4 phosphorylation induced by different agonists in
adipocytes prelabeled with *2P, was unrelated to an increase in
glucose transport.30-32 | n this report, we are presenting evidence
that insulin-stimulated GLUT-4 translocation is decreased in
adipocytes from hypertensive animals. This impaired GLUT-4
trandocation could be related to a deficient GLUT-4 phosphor-
ylation at serine site.

MATERIALS AND METHODS
Animals

Male spontaneously hypertensive (SHR) (5-months-old) and age-
matched normotensive Wistar (W) rats originally from Charles River
Breeding Laboratories (Wilmington, MA) and bred in our institution
were used throughout this study. The study was performed according to
the Guide for the Care and Use of Laboratory Animals published by the
US Nationa Institutes of Health (NIH Publication No. 85-23, revised
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indirect tail-cuff technique.3® Rats were killed by decapitation and the
heart and epididymal fat pads were removed. Atria and all adjacent
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Adipocytes

Isolated adipocytes were obtained by digestion of epididymal fat pad
with collagenase (Worthington, Freehold, NJ).3* Krebs Ringer-3-[(N-
morpholino) propanesulfonic acid] (KRM) at pH 7.4 containing 4%
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bovine serum abumin (BSA, Fraction V, Gibco BRL, Grand Island,
NY) was used as incubation buffer.

Glucose Transport

Glucose transport was determined as previously described.” Briefly,
pooled adipocytes from 3 rats were suspended (10° cellsmL) in KRM
at pH 7.4 with 2% BSA and 2 mmol/L pyruvate. Aliquots of the cell
suspension were preincubated at 37°C for 30 minutes, followed by a
10-minute incubation with and without 0.1 to 5 nmol/L insulin. Glu-
cose transport was initiated by addition of 0.1 mmol/L 3-O-D-[Methyl-
3H] glucose (42 mCi/mmol, New England Nuclear, Boston, MA). After
8 seconds, uptake was stopped with 400 uL 1 mmol/L phloretin.
Aliquots of the cell suspension were pipetted into microcentrifuge
tubes containing silicone oil (Thomas Scientific, Swedesboro, NJ) and
centrifuged for 30 secomds at 10,000 X g. The tubes were cut through
the oil layer, and the radioactivity associated with the cells was mea-
sured. Noncarrier-mediated uptake was assessed in parallel incubations
with 400 umol/L phloretin and the value subtracted from each deter-
mination. The assay was performed in triplicate and the results were
averaged. Results were expressed as nanomoles of 3-O-D[Methyl-
SH]glucose/10° cells per 8 seconds.

Subcellular Fractionation of Adipocytes

To study the effect of insulin on subcellular distribution and phos-
phorylation of fat cell GLUT-4, adipocytes from 3 to 6 rats were
prepared. The fat cells were suspended in KRM 4% BSA at pH 7.4 and
incubated as described for glucose transport with and without 5 nmol/L
insulin. Plasma membrane-enriched fraction (PM) and intracellular
membranes (ICM) were prepared by a previously characterized proce-
dure.3> Adipocytes were homogenized in Buffer A (in mmol/L: 250
sucrose, 20 Tris, 1.2 EGTA, 20 B-mercaptoethanol containing 1 phe-
nylmethylsulfonyl fluoride [PMSF], 4 leupeptin, 0.5 aprotinin as pro-
tease inhibitors, and 1 Na,P,0;, 1 NaF to inhibit phosphatases). The
homogenate was centrifuged at 3,000 X g for 15 minutes. Theinfranate
was centrifuged for 30 minutes at 20,000 X g to obtain PM, and the
supernatant was centrifuged at 400,000 X g for 60 minutes to obtain
ICM. Membrane fractions were resuspended in buffer B (in mmol/L:
250 sucrose, 20 Tris, 1 EDTA, 25 NaF, 10 Na,P,0, and protease
inhibitors). Protein was determined by the method of Bradford.3¢

Immunoprecipitation of GLUT-4

Subcellular membrane fractions were treated with lysis buffer con-
sisting of 1% Triton X-100, 100 mmol/L NaCl in buffer B and incu-
bated with 30 uwL/mL protein A Sepharose (8% wt/val in buffer B) for
1 hour. The protein A Sepharose was pelleted at 10,000 X g for 1
minute and the supernatant was incubated overnight with 2 pg/mL
polyclonal GLUT-4 antibody (Biogenesis, Kingston, NH). After this,
1% BSA and 30 pL/mL protein A Sepharose were added, and the
incubation was continued for an additional 2 hours. The protein A
Sepharose-antigen-antibody pellets were separated by centrifugation
and washed twice with lysis, once with 0.1% TritonX-100, 50 mmol/L
Tris, 300 mmol/L NaCl, 5 mmol/L EDTA, 0.02% azide and once with
50 mmol/L Tris pH 6.8.

Immunoanalysis by Western Blot

Polyacrylamide-gel electrophoresis (PAGE) of fat cell membranes or
Protein A-antigen-antibody pellets obtained by immunoprecipitation of
fat cell membranes was performed on 10% sodium dodecyl sulfate
(SDS)-PAGE. The samples were solubilized by addition of sample
buffer containing 125 mmol/L Tris-HCI pH 6.8, 8% SDS, 40% glyc-
erol, 20% B-mercaptoethanol with bromophenol blue as atracking dye.
The separated proteins were transferred to polyvinylidene difluoride
membranes (PVDF, Millipore Bedford, MA). Immunoanaysis was
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Table 1. General Characteristics of W and SHR Rats

BP BW HW
(mm Hg) (9) (mg) (mg/g)
1205 +1.0 321.8+95 814+29 253 =*0.05
181.2 = 4.1* 267.5 = 6.0* 898 + 24* 3.36 = 0.09*

HW/BW
Animals

W (n = 60)

SHR (n = 60)

Abbreviations: W, Wistar; SHR, spontaneously hypertensive rats;
BP, systolic blood pressure; BW, body weight; HW, heart weight.
*P<.05 vW (t test).

performed with rabbit polyclona antibody to GLUT-4 (Biogenesis)
mouse antiphosphoserine (Chemicon, Temecula, CA) or antiphospho-
threonine (Santa Cruz, Santa Cruz, CA) antibodies as applied. The blots
were developed by incubation with a polyclonal goat antirabbit or
antimouse immunoglobulin coupled to peroxidase (Santa Cruz) and
enhanced chemiluminescence. The membranes were exposed to Kodak
(Rochester, NY) X-OMAR AR and the autoradiographies analyzed
with an Ultroscan XL densitometer (Pharmacia, Uppsala, Sweden). The
results were expressed in arbitrary units.

Satistics
Thet test (Table 1), 2-way analysis of variance (ANOVA) (Fig 1),
and 1-way ANOVA with Bonferroni posttest (Figs 2, 3, and 4) were

used to analyze the results. P < .05 was considered statistically
significant.

RESULTS

Genera characteristics of the W and SHR groups are shown
in Table 1. Systolic BP, HW, and cardiac hypertrophy (HW/
BW) were significantly elevated in SHR compared with W rats
(P <0.05). Although BW was lower in the SHR (P < .05), the
epididymal fat pad weights were similar in both groups of
animals.

Insulin-stimulated glucose transport in adipocytes from W
and SHR ratsis shown in Fig 1. The results from 5 experiments
show that compared with normotensive rats glucose transport
in adipocytes from the SHR was significantly impaired. Max-
imal glucose uptake in adipocytes from W and SHR groups was
0.63 = 0.05 and 0.35 + 0.03 nmol/10°cells, respectively (P <
.05). Basal glucose transport was similar in adipocytes from W
(0.11 = 0.02) and SHR (0.13 + 0.02 nmol/10° cells). Insulin
sengitivity determined as the concentration of insulin required
to reach half-maximal effect on glucose transport (EC,,) was
the same in both groups of animals. EC5, = 0.10 = 0.04 and
0.11 + 0.03 nmol/L in normotensive and hypertensive rats,
respectively.

The effect of insulin on subcellular distribution of the
GLUT-4 glucose transporter isoform was next analyzed. The
autoradiography from 1 experiment in Fig 2A shows the dis-
tribution of GLUT-4 between PM and ICM from W and SHR
adipocytes incubated during 10 minutes in the absence and
presence of 5 nmol/L insulin. The overall results from 5 ex-
periments in Fig 2B show that in the absence of insulin,
GLUT-4 ismainly localized in ICM. This distribution, as well
as the amount of GLUT-4 protein expression in PM and ICM,
were similar in adipocytes from W and SHR. The same ex-
pression of GLUT-4 protein in PM from W and SHR is in
agreement with the same basal glucose transport observed in
adipocytes from both groups.

Figure 2A showsthat insulin induced an increase of GLUT-4
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Fig 1. Effect of insulin on glucose transport by isolated adipocytes
from W and SHR rats. Adipocytes were incubated with and without
insulin (0.1 to 5 nmol/L) as described in Materials and Methods. Basal
glucose transport was subtracted from each value in the presence of
insulin. Results are the means + SE of 5 experiments performed in
triplicate. Insulin-stimulated glucose transport was lower in the SHR
(P < .05, 2-way ANOVA).

in PM and a decrease in ICM in adipocytes from both strains.
However, the effect of insulin promoting the translocation of
GLUT-4 from ICM to PM was lower in the SHR. The results
from 5 experiments are shown in Fig 2C. Compared with
adipocytes incubated under basal conditions, insulin €elicited a
93.3% = 15.0% increase of GLUT-4 in PM from W, whereas
in the SHR, the increase was significantly lower (42.7% =
13.2%, P < .01). On the other hand, the decrease of GLUT-4
induced by insulinin 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
GLUT-4 trandocation in response to different stimuli,16-20 we
next analyzed the effect of insulin on GLUT-4 phosphorylation
at serine and threonine sites in adipocytes from normotensive
and hypertensive rats. Subcellular membrane fractions were
immunoprecipitated with GLUT-4 antibody and immunoana-
lyzed in duplicate by Western blot. One blot was probed with
specific phosphoserine (PhSer) or phosphothreonine (PhThr)
antibody and the other one with GLUT-4 antibody. The auto-
radiography from 1 experiment in Fig 3A shows the effect of
insulin on GLUT-4 phosphorylation (PhSer-GLUT-4) and
GLUT-4 protein distribution between PM and ICM. The results
from 5 experiments showing PhSer-GLUT-4 are depicted in
Fig 3B and Fig 3C. Basal phosphorylation in PM (Fig 3B) and
ICM (Fig 3C) was the same in normotensive and hypertensive
rats. In the presence of insulin, Fig 3B shows an increase of
PhSer-GLUT-4 in PM from W from 2.20 = 0.34 to 4.42 =
0.32 arbitrary units (P < .05), without significant changes in
PM from the SHR (2.07 = 0.48 and 2.30 = 0.15 arbitrary units,
respectively. In ICM (Fig 3C), insulin increased PhSer-
GLUT-4 in both groups. In W from 2.23 = 0.18t0 3.21 + 0.28
(P < .05) and in the SHR from 2.01 = 0.21 to 4.34 = 0.20
arbitrary units (P < .05). This effect of insulin on GLUT-4
phosphorylation in ICM from the SHR was higher than in W
(P < .05).

Negligible phosphorylation of GLUT-4 at threonine site was
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observed, and it was not affected by incubation with insulin
(not shown).

Because insulin induces changes in subcellular distribution
of GLUT-4 (see Fig 2), GLUT-4 phosphorylation relative to
GLUT-4 protein was calculated by the ratio between the area
values of PhSer-GLUT-4 peaks to those of GLUT-4 protein
taken from the experiments described in Fig 3. Figure 4 shows
that insulin did not change the ratio PhSer-GLUT-4/GLUT-4in
PM from W rats, which means that the effect of insulin in-
creasing GLUT-4 translocation from ICM fraction to PM was
accompanied by a concomitant increase in PhSer-GLUT-4. In
PM from the SHR, the ratio was decreased by insulin indicating
that the lower translocation of GLUT-4 in responseto insulinin
the SHR shown in Fig 2 was also accompanied by a lower
serine phosphorylation of GLUT-4. In ICM, insulin increased
the ratio PhSer-GLUT-4/GLUT-4 in both groups. However,
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Fig 2. Effect of 5 nmol/L insulin on GLUT-4 distribution between
PM and ICM in adipocytes from W and SHR rats. (A) Immunoblot
from 1 experiment probed with GLUT-4 antibody. (B) Results from 5
experiments show in arbitrary units the distribution of GLUT-4 be-
tween PM and ICM from adipocytes of W and SHR incubated without
insulin, *P < .05 v PM (1-way ANOVA). (C) Effect of 5 nmol/L insulin
expressed as % increase from basal GLUT-4 in PM and as % decrease
from basal GLUT-4 in ICM from adipocytes of both groups. *P < .05
compared with W (1-way ANOVA). Results are the means + SE.
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Fig 3. Effect of 5 nmol/L insulin on PhSerGLUT-4 and GLUT-4
protein in PM and ICM from adipocytes of W and SHR rats. Subcel-
lular membrane fractions were immunoprecipitated with GLUT-4
antibody and immunoanalyzed in duplicate by Western blot. One
blot was probed with specific PhSer antibody and the other one with
GLUT-4 antibody. (A) Immunoblots from 1 experiment probed with
antiphosphoserine and anti-GLUT-4 antibodies, respectively. Results
from 5 experiments are shown in (B) and (C). (B) PhSerGLUT-4 in PM
from W and SHR adipocytes incubated without and with insulin,
*P < .05 vbasal (1-way ANOVA). (C) PhSerGLUT-4 in ICM from W and
SHR adipocytes incubated without and with insulin, *P < .05 com-
pared with W and SHR without insulin, respectively; TP < .05 v W
plus insulin (1-way ANOVA). Results are the means + SE.

the effect of insulin was lower in the SHR (P < .05) compared
with W.

The overall results indicate that the diminished effect of
insulin on glucose transport in the SHR is accompanied with a
deficient translocation of GLUT-4 from intracellular compart-
mentsto PM. Similar GLUT-4 protein expression was obtained
in adipocytes from W and SHR. In addition, compared with
adipocytes from normotensive animals, a decrease of PhSer-
GLUT-4 in response to insulin in PM and ICM from the SHR
was also observed.
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DISCUSSION

In this study, the effect of insulin on glucose transport,
GLUT-4 trandocation from intracellular compartments to PM
and GLUT-4 phosphorylation at serine site in adipocytes from
normotensive and hypertensive rats were compared.

Under basal conditions glucose transport in adipocytes from
W and SHR rats was similar, but the maximal glucose uptake
in response to insulin was lower in the SHR without changesin
insulin sengitivity. These data are in accordance with our pre-
viously reported results.” Glucose transport across PM seemsto
be the rate-limiting step of glucose metabolism.® GLUT-4 is
recycled between PM and intracellular storage pools, and the
steady-state distribution of GLUT-4 under basal conditions
favors intracellular compartments over PM.11.37.38 These find-
ings have been confirmed in the present study. Our data show
that GLUT-4 protein expression under basal conditions in PM
and ICM was not different in adipocytes from normotensive
and hypertensive rats. This is consistent with the same basal
glucose transport in both groups of animals. Moreover, the
decrease in insulin-stimulated glucose uptake in adipocytes
from SHR is not caused by a deficient GLUT-4 protein expres-
sion. In other models of insulin resistance, such as obesity3®
and type 2 diabetes, %0 a significant reduction in GLUT-4 pro-
tein expression in adipose tissue was reported. In the presence
of insulin, the equilibrium of the recycling process is changed
in favor of the transocation of GLUT-4 from intracellular
storage sites to PM.4142 This effect of insulin on GLUT-4
translocation was impaired in adipocytes from hypertensive
rats.

In experiments performed with adipocytes incubated in the
presence of okadaic acid to inhibit serine-threonine phospha-
tases, it has been proposed that insulin increases PM GLUT-4
level largely by preventing GLUT-4 internalization as a result
of GLUT-4 dephosphorylation.16.18.20 According to our results,
specific GLUT-4 serine phosphorylation in response to insulin
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Fig 4. From the experiments described in Fig 3, the effect of 5
nmol/L insulin on the specific GLUT-4 phosphorylation (PhSerGLUT-
4/GLUT-4) in PM and ICM from W and SHR adipocytes was calcu-
lated. Compared with basal value, insulin did not change specific
PhSerGLUT-4 in PM from W and decreased in PM from SHR (P < .05).
In ICM from both groups, insulin increased specific PhSerGLUT-4
compared with basal (P < .05,) but this increase was lower in the
SHR. 1P < .05 compared with W plus insulin (1-way ANOVA). Results
are the means = SE.
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was unchanged in PM from adipocytes of normotensive ani-
mals (see Fig 4); ie, theincreasein PM GLUT-4 in response to
insulin was accompanied by a simultaneous increase in serine-
phosphorylation. This effect of insulin was not observed in
adipocytes from hypertensive animals, because insulin de-
creased specific GLUT-4 serine-phosphorylation in PM. In
ICM, insulin stimulated specific GLUT-4 serine-phosphoryla
tion in adipocytes from both strains, but this effect was lower
in the SHR (Fig 4). These results suggest that GLUT-4 phos-
phorylation at serine site is required for GLUT-4 translocation
to PM, and that the diminished translocation of GLUT-4 found
in the SHR was due to a deficient GLUT-4 serine-phosphory-
lation.

Under similar conditions, phosphorylation of GLUT-4 at
threonine site was scanty and unaffected by insulin. This neg-
ative result reinforces the proposal that phosphorylation at
serine residue is necessary to increase GLUT-4 trandocation in
response to insulin. Our results are in disagreement with pre-
vious studies in which Glut-4 phosphorylation was not consid-
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ered to be an attribute for insulin to stimulate glucose trans-
port.2526 However, those experiments were conducted under
different experimental conditions, among others, to measure
total phosphorylation in *2P;-labeled adipocytes, which did not
alow detecting GLUT-4 specific phosphorylation at serine site.

The major contribution of this study is to present the first
evidence of decreased GLUT-4 trandlocation from intracellular
compartments to PM in response to insulin in isolated adipo-
cytes from hypertensive animals. We show that this was not
caused by deficient GLUT-4 protein expression. Rather, our
data suggest that this may have been due to impaired serine
phosphorylation. However, additional study will be needed to
identify a specific mechanism for the decreased serine phos-
phorylation.

We would like to emphasize that we cannot rule out com-
pletely a possible role played by vasoconstriction to the insulin
resistance detected in hypertension. However, we describe a
mechanism that could be, at least, one of the causes of insulin
resistance in hypertension.
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