
Introduction
Insulin’s biological actions in vascular cells include
increases in amino acid transport, glycogen synthesis, DNA
synthesis, and gene expression (1, 2). Insulin also has spe-
cific vascular actions, such as enhancing the release of
nitric oxide (NO) (3) and regulating mRNA expression of
matrix proteins (4, 5) and constitutive endothelial NO syn-
thase (eNOS) (6). Physiologically, insulin infusion stimu-
lates local vasodilatation by enhancing NO’s action (7, 8).
Thus, insulin may regulate many vascular functions under
physiological conditions.

Insulin resistance and hyperinsulinemia have been
associated with the development of cardiovascular dis-
eases and hypertension (9–12). Mechanisms to explain
the associations between insulin resistance and cardio-
vascular diseases have been attributed to insulin’s effects
on vascular smooth muscle cell (VSMC) growth (2),
extracellular matrix production (4, 5), renal sodium reab-
sorption, and adrenergic stimulation (13, 14). However,
an assumption underlying these theories is that insulin
resistance is tissue specific to the muscle and adipose tis-
sues only, whereas vascular and renal tissues remained
sensitive to insulin. Otherwise, insulin’s growth effects
on vascular or renal tissues should also be blunted. 
However, physiological studies have documented that

endothelial functions as measured by insulin-induced
vasodilatation are reduced in insulin-resistant and dia-
betic patients (12), suggesting that vascular cells are also
resistant to insulin for some of its physiological actions.
To explain these apparent conflicting findings, we have
suggested that some of insulin’s actions, such as the
stimulatory effects on NO production, are selectively
inhibited in insulin-resistant states. However, other
effects of insulin, such as its growth-promoting actions
on VSMCs are unaffected. The result of this selective
insulin resistance in the vascular tissues is an enhanced
atherosclerotic potential in insulin-resistant states.

A possible explanation for the selective loss of insulin
actions in insulin-resistant states may reside in the
pleiotropic pathways by which insulin mediates its
actions. In nonvascular cells, insulin actions are initiated
through binding to the α subunit of insulin receptors
(IRs), which activates intrinsic receptor tyrosine kinase
(15), resulting in autophosphorylation of insulin receptor
β subunit (IRβ) and tyrosine phosphorylation of intracel-
lular adapter proteins such as IR substrates (IRS-1 and
IRS-2) (16, 17) and Shc (18). Tyrosine-phosphorylated
IRS-1 or IRS-2 binds to src-homology 2 (SH2) domains of
intracellular proteins, including p85 regulatory subunit
of phosphatidylinositol 3-kinase (PI 3-kinase) (19). The
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lean and obese Zucker (fa/fa) rats in both ex vivo and in vivo studies. Ex vivo, insulin-stimulated tyro-
sine phosphorylation of insulin receptor β subunits (IRβ) in the aorta and microvessels of obese rats
was significantly decreased compared with lean rats, although the protein levels of IRβ in the 2 groups
were not different. Insulin-induced tyrosine phosphorylation of insulin receptor substrates 1 and 2
(IRS-1 and IRS-2) and their protein levels were  decreased in the aorta of obese rats compared with lean
rats. The association of p85 subunit to the IRS proteins and the IRS-associated PI 3-kinase activities
stimulated by insulin in the aorta of obese rats were significantly decreased compared with the lean
rats. In addition, insulin-stimulated serine phosphorylation of Akt, a downstream kinase of PI 3-kinase
pathway, was also reduced significantly in isolated microvessels from obese rats compared with the
lean rats. In euglycemic clamp studies, insulin infusion greatly increased tyrosine phosphorylation of
IRβ- and IRS-2–associated PI 3-kinase activity in the aorta of lean rats, but only slight increases were
observed in obese rats. In contrast, insulin stimulated tyrosine phosphorylation of MAP kinase (ERK-
1/2) equally in isolated microvessels of lean and obese rats, although basal tyrosine phosphorylation
of ERK-1/2 was higher in the obese rats. To our knowledge, these data provided the first direct meas-
urements of insulin signaling in the vascular tissues, and documented a selective resistance to PI 3-
kinase (but not to MAP kinase pathway) in the vascular tissues of obese Zucker rats.
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interaction of IRS and p85 subunit of PI 3-kinase results
in the activation of p110 catalytic subunit of PI 3-kinase.
Activation of PI 3-kinase pathway by insulin is linked to
metabolic functions such as glucose transport (20, 21),
glycogen, and protein synthesis (22, 23). Tyrosine-phos-
phorylated Shc and IRS proteins can also bind to SH2
domain of GRB2, leading to the activation of the Ras-Raf-
MAP kinase signal pathway (24, 25), which is associated
with gene expression and cell growth (26–28).

However, in vascular cells, the signal-transduction path-
ways of insulin have not been measured in vivo directly on
vascular tissues. Similar to nonvascular cells, IR are
expressed in VSMC or endothelial cells (29). Once bound
and phosphorylated, IR will phosphorylate IRS-1, IRS-2,
and Shc and activate PI 3-kinase and Raf-MAP kinase path-
ways (1, 30). Biologically, the activation of PI 3-kinase has
been linked to NO production, whereas the activation of
Raf-MAP kinase pathway is associated with the growth of
vascular cells and the expression of extracellular matrix
proteins (3, 4, 6, 31).

Thus, it is possible that there is a selective loss of insulin’s
activation of PI 3-kinase pathway, even though it main-
tains its effectiveness in activating the MAP-kinase path-
way in insulin-resistant states. To test this possibility, we
have characterized insulin’s actions on PI 3-kinase and
MAP kinase, both ex vivo and in vivo, directly on vascular
tissues from both lean and obese Zucker (fa/fa) rats. We
believe that these results provide the first direct evidence
that insulin-stimulated tyrosine phosphorylation of IR
and IRS proteins and PI 3-kinase activation were selective-
ly impaired, whereas MAP kinase was not altered in vascu-
lar tissues of insulin-resistant animals.

Methods
Materials. Human recombinant insulin (Human R) was
purchased from Lilly Research Laboratories (Indi-
anapolis, Indiana, USA). Polyclonal antibodies against
IRβ (SC-711; epitope corresponding to amino acids
1365–1382 of human IRβ) and IGF-1 receptor β sub-
unit (IGF-1Rβ) (SC-713; epitope corresponding to
amino acids 1347–1366 of human IGF-1Rβ) were from
Santa Cruz Biotechnology Inc. (Santa Cruz, California,
USA). mAb against phosphotyrosine (αPY) and poly-
clonal antibodies against p85 subunit of PI 3-kinase
were purchased from Upstate Biotechnology Inc. (Lake
Placid, New York, USA). Polyclonal antibodies against
rat IRS-1 (JD229) and IRS-2 (JD110) were raised in rab-
bits using GST-fusion proteins containing amino
acids 735–900 of rat IRS-1 and amino acids 976–1094
of mouse IRS-2, respectively (16, 17). Polyclonal anti-
bodies against p44/42 MAP kinase, tyrosine-phospho-
rylated MAP kinase, and serine-phosphorylated Akt
(PKB) were from New England Biolabs (Beverly, Mass-
achusetts, USA). Rabbit anti-mouse immunoglobulin
antibody and anti-human factor VIII antibody were
purchased from DAKO Corp. (Carpinteria, California,
USA). Donkey anti-rabbit immunoglobulin horserad-
ish peroxidase–linked antibody, enhanced chemilumi-
nescence (ECL) kit, and [125I]protein A were from
Amersham Life Sciences Inc. (Arlington Heights, Illi-
nois, USA). The [γ-32P]ATP was from Du Pont NEN
Research Products (Wilmington, Delaware, USA).

Phosphatidylinositol was from Avanti Polar Lipids Inc.
(Alabaster, Alabama, USA). Silica gel TLC plates were
from E. Merck (Darnstadt, Germany). Protein A-
Sepharose 6MB was from Pharmacia Biotech AB (Upp-
sala, Sweden). PVDF and nitrocellulose paper (0.2 mm)
were from Novex (San Diego, California, USA). All
other reagents were from Sigma Chemical Co. (St.
Louis, Missouri, USA).

Animals. Male obese Zucker rats (fa/fa) and their age-
matched lean controls (fa/+) were purchased from Harlan
Sprague Dawley Inc. (Indianapolis, Indiana, USA). The rats
(14 weeks old) were fed standard rodent chow and water ad
libitum. Physiological parameters of the Zucker obese and
lean rats are described in Table 1. In ex vivo studies, food
was withdrawn 14 hours before experiments were per-
formed. Rats were sacrificed with CO2, and the aorta and
epididymal fat-pads were isolated immediately. The aortas
were kept in DMEM containing 0.1% BSA at room tem-
perature for 2 hours before insulin stimulation, and then
were frozen with liquid N2 and kept at –80°C for subse-
quent analysis. Epididymal fat-pads were used for the iso-
lation of microvessels as described below.

Euglycemic hyperinsulinemic clamp. In this study, both obese
Zucker fa/fa rats and their lean controls (14 weeks old) were
randomly divided into control group and insulin infusion
group. Eight rats were assigned to each group to study IR
tyrosine phosphorylation, and 5 rats were assigned to each
group used to study PI 3-kinase activity. Catheters were
inserted into the rats’ right jugular veins, and another into
the left carotid arteries as described previously (32). Rats
were allowed to recover from surgery for 5–6 days with stan-
dard laboratory chow before the clamp procedure was per-
formed. Rats were fasted overnight (14 hours) before receiv-
ing infusion of saline (control group) or insulin at 10
mU/kg/min for 1 hour. The right jugular vein was used for
glucose and insulin infusion, and the left carotid artery was
used for monitoring blood glucose and plasma insulin lev-
els. Blood glucose samples were taken and monitored every
5 minutes during the infusion. A variable infusion of 20%
glucose solution was started at time 0 and adjusted to
clamp the blood glucose level at the basal level before
insulin was infused. After 1 hour of study, rats were sacri-
ficed with CO2. The aorta and liver were isolated immedi-
ately, frozen with liquid N2, and stored at –80°C for subse-
quent analysis.

Isolation of microvessels. Microvessels (vascular stroma)
were isolated from epididymal fat-pads of Zucker obese
and lean rats. Briefly, fat-pads were minced and digested
with 0.2% collagenase (Type I; Worthington Biochemical
Corp., Lakewood, New Jersey, USA) in DMEM containing
0.1% BSA for 30 minutes before homogenizing with a loose
Dounce homogenizer, followed by centrifugation at 2060
g for 15 minutes. The pellets of enriched microvessels were
washed with DMEM media 3 times and equilibrated at
room temperature for 1 hour before insulin treatment.
Samples were then immediately frozen with liquid N2 and
kept at –80°C for analysis. The purity of the isolated vas-
cular stroma was assessed by staining with hematoxylin
and eosin (H&E) or by immunohistochemical staining
with antibody to factor VIII. Figure 1a shows a typical H&E
stain of blood vessels in the vascular stroma sample. The
internal wall of isolated vascular stroma is positively
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stained by anti–factor VIII antibody (Figure 1b), indicating
that the stroma is composed of small blood vessels. Vascu-
lar stroma from the lean and obese Zucker rats were char-
acterized further by quantifying the contents of vascular
smooth muscle–specific α actin (α-SMA), which was
detected by immunoblotting with mAb (Sigma Chemical
Co.). As shown in Figure 1c, vascular stroma from lean and
obese rats contained the same amount of α-SMA, indicat-
ing the microvessel contents of the stroma from lean and
obese rats were similar.

Immunoprecipitation. Frozen tissues were homogenized in
ice-cold lysis buffer containing 50 mM HEPES (pH 7.4), 10
mM sodium pyrophosphate, 10 mM sodium fluoride, 2
mM EDTA, 2 mM Na3VO4, 2 mM PMSF, 10 µg/mL apro-
tinin, 10 µg/mL leupeptin, 1.5 mg/mL benzamidine, 1%
Triton X-100, and 10% glycerol. Liver was homogenized on
ice with a generator (Polytron PTA 20S; Brinkmann Instru-
ments Inc., Westbury, New York) at medium speed for 30
seconds and left on ice for 30 minutes. Powdered aorta and
vascular stroma were homogenized with a glass Dounce
homogenizer on ice for at least 80 strokes. Insoluble mate-
rial was removed by centrifugation at 13,800 g at 4°C for
10 minutes. Supernatant was precipitated with antibodies
against IRβ (0.3 µg/mL), IRS-1/2 (1:1,000 dilution), or p85
subunit of PI 3-kinase (1:1,000 dilution) for 2 hours, fol-
lowed by incubation with 60 µL of protein A-Sepharose
6MB for 2 hours at 4°C. The beads were washed 5 times
with lysis buffer before adding Laemmli buffer, and were
heated in boiling water for 4 minutes. The protein extracts
were used for electrophoresis and immunoblotting stud-
ies, as described below.

Western immunoblotting. Immunoprecipitated fractions
were separated with SDS-PAGE, electrotransferred to
nitrocellulose filter, and immunoblotted as previously
described (30). To detect tyrosine phosphorylation of IR,
IRS-1, or IRS-2, the blots were first incubated with mAb
αPY (1 µg/mL) for 1 hour, then with rabbit anti-mouse
antibody (1:1,000 dilution) for 2 hours, and finally with
[125I]protein A for 1 hour at room temperature. To detect
protein levels of IRβ, IRS-1, IRS-2, and p85 subunit of PI 3-
kinase, blots were first incubated with polyclonal αIRβ,
αIRS-1 and αIRS-2, or αp85 antibodies, respectively, and
then incubated with [125I]protein A for 1 hour at room
temperature. All blots were washed with PBS containing
0.02% Tween-20 for 1 hour at room temperature after each
incubation, and [125I]protein A–bound proteins were
detected and quantified by PhosphorImager (Molecular
Dynamics, Sunnyvale, California, USA).

To quantify the contents of α-SMA in
microvessels, lysates (20 µg protein) were sepa-
rated by SDS-PAGE and electrotransferred to
PVDF membranes. The blots were incubated
with an mAb (1:1,000 dilution) against α-SMA
and a second antibody containing horseradish
peroxidase–linked anti-mouse immunoglobu-
lin antibody (1:3,000 dilution; Amersham Life
Sciences), and were detected with an ECL kit.

To detect serine phosphorylation of Akt,
total lysates (100 µg protein) from microves-
sels were separated with 8% SDS-PAGE and
electrotransferred to nitrocellulose mem-
branes, which were incubated with anti–phos-

pho-(ser-473)-akt antibodies (1:1,000 dilution) overnight
at 4°C, and then with horseradish peroxidase–linked
anti-rabbit immunoglobulin antibodies (1:2,000 dilu-
tion) for 1 hour at room temperature. The membranes
were then washed with buffer after each incubation (PBS
[pH 7.4], 0.1% Tween-20) for 1 hour at room tempera-
ture. Finally, the level of serine-phosphorylated Akt was
detected with an ECL kit and quantified with a densito-
meter, with reading performed in the linear range.

The tyrosine phosphorylation and protein levels of
p44/42 MAP kinase (ERK-1/2) were determined as follows.
Lysates (50 µg protein) from homogenized tissues were
separated with 10% SDS-PAGE and electrotransferred to
PVDF membranes, which were incubated with specific
antibodies against tyrosine-phosphorylated ERK-1/2
(1:1,000 dilution) overnight at 4°C, and then with horse-
radish peroxidase–linked anti-rabbit immunoglobulin
antibodies (1:2,000 dilution) for 1 hour at room tempera-
ture. Finally, the level of tyrosine-phosphorylated ERK-1/2
was detected with ECL. To detect the protein levels of ERK-
1/2, the membranes were stripped and reblotted with anti-
bodies against ERK-1/2 (1:1,000 dilution), and then with
horseradish peroxidase–linked anti-rabbit immunoglobu-
lin antibodies for 1 hour at room temperature. Again, the
levels of ERK-1/2 were detected with ECL.

PI 3-kinase assay. PI 3-kinase activity was measured by
in vitro phosphorylation of phosphatidylinositol.
Briefly, vascular tissues were homogenized, immuno-
precipitated with αIRS-1 or αIRS-2, and PI 3-kinase
activities in the immunoprecipitates were measured in
the presence of phosphatidylinositol and [γ 32P]ATP
using the method previously described (30, 33). The
32P-labeled phosphatidylinositol 3-monophosphate
was extracted with CHCl3/CH3OH, separated by TLC,
and quantified by a PhosphorImager.

Statistical analysis. Unless indicated otherwise, compar-
isons of data presented as mean ± SD were performed
using the Kruskal-Wallis 1-way ANOVA. P values less than
0.05 were considered to be significantly different.

Results
Ex vivo effect of insulin on tyrosine phosphorylation of IRs in the
aorta and microvessels. Insulin’s effects on tyrosine phos-
phorylation of IRβ in isolated aorta and enriched
microvessels (vascular stroma) isolated from Zucker lean
(fa/+) and obese (fa/fa) rats were examined ex vivo. All the
rats used in all the ex vivo experiments were 14 weeks old,
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Table 1
Characteristics of obese Zucker (fa/fa) rats and their age-matched lean Zucker
(fa/+) controls

Groups Number Body weight Blood glucose Serum insulin Serum insulin
of rats (n) (g) (mg/dL) before clamp after clamp

(µU/mL) (µU/mL)

Lean control 13 335 ± 17 89 ± 8 8 ± 2 9 ± 2
Lean insulin 13 320 ± 25 86 ± 10 9 ± 3 224 ± 56D

fa/fa control 13 490 ± 32A 104 ± 12 262 ± 52C 234 ± 46
fa/fa insulin 13 478 ± 34B 101 ± 10 267 ± 51D 480 ± 78E 

AP < 0.01 vs. lean control group; unpaired Student’s t test. BP < 0.01 vs. lean insulin group; unpaired
Student’s t test. CP < 0.001 vs. lean control group before clamp; paired Student’s t test. DP < 0.001
vs. lean insulin group before clamp; paired Student’s t test. EP < 0.005 vs. fa/fa insulin group before
clamp; paired Student’s t test.



and the obese rats were heavier than their age-matched
lean control, with mean body weights of 482 ± 42 and
325 ± 20 g, respectively. The fasting blood glucose levels
of the obese and lean rats were 108 ± 15 and 90 ± 12
mg/dL, respectively (Table 1).

The effect of insulin (2 or 100 nM) or control on tyro-
sine phosphorylation of IRβ was studied by immuno-
precipitation with antibodies to IRβ and immunoblot-
ted with αPY antibody. As shown in Figure 2, a and b, the
basal levels of IRβ tyrosine phosphorylation were much
lower in microvessels than in aorta from both lean and
obese rats. Insulin, in a concentration-dependent man-
ner, induced increases in IRβ tyrosine phosphorylation
in microvessels from both lean and obese rats. In the lean
rats, insulin at 2 and 100 nM increased IRβ tyrosine
phosphorylation by 8.4- and 13-fold, respectively, com-
pared with 3.2- and 5.6-fold increases in the microvessels
from obese rats, representing reductions of 70% and 62%
compared with lean rats. To determine whether the
decreases in IRβ tyrosine phosphorylation in microves-
sels of obese rats were associated with decreases in the
amount of the IRβ proteins, the same membranes were
reblotted with antibodies to IRβ. As shown in Figure 2a

(middle), protein levels of IR were not different between
microvessels from Zucker lean and obese rats (Figure 2a).

In isolated aorta immunoblot analysis of tyrosine-phos-
phorylated proteins in the αIRβ, immunoprecipitates
showed that the basal tyrosine phosphorylation of IR was
slightly higher in the aorta from obese rats than from lean
rats (Figure 2b). Insulin-stimulated IRβ tyrosine phos-
phorylation was increased by 6.3-fold over the basal level
in the aorta from lean rats, whereas only a 2.5-fold increase
was observed in aorta from obese rats, a reduction of 71%
compared with lean rats (P < 0.01). No significant differ-
ences were found in IR protein levels between the aorta of
Zucker lean and obese rats (Figure 2b, middle).

Protein expression and tyrosine phosphorylation of IRS-1/2
and their association with p85 subunit of PI 3-kinase in the
aorta. The protein levels of IRS-1 and IRS-2 in the aorta
from control and obese rats were quantitated by
immunoprecipitation and immunoblotting with αIRS-
1 or αIRS-2 antibodies and showed a decrease of 23%
and 34%, respectively, in the aorta of obese rats com-
pared with lean controls (Figure 3a). In ex vivo experi-
ments, insulin-stimulated (100 nM) increases of 3.6- and
5.3-fold in tyrosine phosphorylation of IRS-1 and IRS-2,
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Figure 1
Microvessels isolated from rat epididymal fat-pads.
Isolated epididymal fat-pads were digested with col-
lagenase and homogenized as described in Methods.
The purity of the isolated microvessels were verified
by histochemical staining with H&E (a) and
immunohistochemical staining with factor VIII anti-
body (b). Immunoblotting with antibody against
vascular α-SMA was used to compare the quality of
isolated microvessels from lean and obese rats (c).

Figure 2
Tyrosine phosphorylation and protein levels of IRβ in the aorta and
microvessels of obese Zucker fa/fa and lean rats ex vivo. Microvessels (a)
and aorta (b) were isolated from lean and obese rats as described in
Methods, followed by incubation with or without insulin (2–100 nM) in
DMEM (0.1% BSA) for 5 minutes (microvessels) or 30 minutes (aorta) at
37°C. Equal amounts of protein (6 mg of microvessel sample and 4 mg
of aorta sample) were subjected to immunoprecipitation with αIRβ anti-
body, separated by SDS-PAGE, and immunoblotted with αPY antibody
(top panels). Stripped membranes were reblotted with αIRβ antibody
(middle panels). Data (mean ± SD; n = 4) are expressed as relative to con-
trol, assigning a value of 100% to the lean control mean. *P < 0.05, lean
vs. obese tissues incubated with insulin at the same concentrations.



respectively, in the aorta of lean rats (Figure 3,
b and c), compared with increases of 1.9- and
2.5-fold, respectively, in the aorta of obese rats
(P < 0.005; Figure 3, b and c), representing
decreases of 65%. The same membranes used to
detect tyrosine phosphorylation of IRS-1 and
IRS-2 were reblotted with antibodies against
p85 subunit of PI 3-kinase. In the lean rats
increases of 3.7- and 4.5-fold in p85 association
to IRS-1 and IRS-2, respectively, were induced
by insulin (Figure 3, d and e), whereas only 
1.6- and 1.9-fold increases were observed in the
aorta of obese rats, reductions of 71–74% 
(P < 0.01).

Ex vivo stimulation of PI 3-kinase activity in aorta
and microvessels. Basal and insulin-stimulated PI
3-kinase activities were compared in IRS-1 or
IRS-2 immunoprecipitates from the aorta and
enriched microvessels of lean and obese rats in
ex vivo experiments. Insulin (100 nM)
increased IRS-1– and IRS-2–associated PI 3-
kinase activities by 3.6- and 5.8-fold (n = 4) over
the basal level in the aorta of lean rats (Figure
4, a and b), respectively, whereas insulin only stimulated
increases of 1.8- and 2.1-fold in the aorta of obese rats.
Thus, insulin-stimulated activities of PI 3-kinase associ-
ated with IRS-1 and IRS-2 were reduced by 69 and 77%,
respectively, in the aorta of obese rats, compared with the
lean rats. Insulin at 2 and 100 nM increased IRS-2–asso-
ciated PI 3-kinase activities in enriched microvessels by
4- and 9-fold in lean rats and increased by only 1.5- and
3.5-fold in the obese rats, respectively (Figure 4c).

Using immunoblotting analysis, no differences were
noted between the total protein levels of the p85 subunit
of PI 3-kinase in the aorta and microvessels from lean and
obese rats. Similarly, no differences were detected between
total PI 3-kinase activities in the aorta from lean and obese
rats, as quantified by immunoprecipitation with anti-

bodies to p85 subunit of PI 3-kinase (data not shown).
Insulin-stimulated serine phosphorylation of Akt/PKB in

microvessels ex vivo. Akt is a serine/threonine kinase that
is serine phosphorylated and can be activated by insulin
through the PI 3-kinase pathway (34). In the microves-
sels from lean rats, insulin at 2 and 100 nM increased ser-
ine phosphorylation of Akt by 11- and 21-fold over the
basal levels, respectively (Figure 5). However, in the
microvessels from obese rats, insulin increased Akt ser-
ine phosphorylation by only 5- and 12-fold over the basal
levels, respectively, reductions of 60% and 45% compared
with lean rats.

Physiological parameters of lean fa/+ and obese fa/fa Zucker
rats used for euglycemic hyperinsulinemic clamp studies. Lean
and obese rats were divided into insulin-treated and con-

The Journal of Clinical Investigation | August 1999 | Volume 104 | Number 4 451

Figure 3
Protein levels, tyrosine phosphorylation of IRS-1 and IRS-2,
and their association with P85 subunit of PI 3-kinase in the
aorta ex vivo. (a) Protein levels of IRS-1 and IRS-2. Isolated
aortas were homogenized, and equal amounts of protein (10
mg) were subjected to immunoprecipitation with αIRS-1 or
αIRS-2 antibodies, separated by SDS-PAGE, and immunoblot-
ted with the same antibody. Data (mean ± SD; n = 4) are
expressed as relative to control, assigning a value of 100% to
the lean control mean. *P < 0.05, lean vs. obese. (b and c)
Insulin-stimulated tyrosine phosphorylation of IRS-1 and IRS-
2. Isolated aortas were incubated without or with insulin (100
nM) in DMEM (0.1% BSA) for 30 minutes at 37°C. Equal
amounts of protein (6 mg) were subjected to immunoprecip-
itation with αIRS-1 or αIRS-2 antibodies, separated by SDS-
PAGE, and immunoblotted with αPY antibodies. (d and e)
Association of p85 subunit of PI 3-kinase to IRS-1 and IRS-2.
The same membranes used for the IRS tyrosine phosphoryla-
tion study were stripped and reblotted with αp85 subunit anti-
body (top panels). Data (mean ± SD; n = 4) in b–e are
expressed as relative to control, assigning a value of 100% to
the lean insulin mean. *P < 0.05, **P < 0.01, insulin lean vs.
insulin obese.



trol groups, infused either with 10 mU/kg/min insulin
or saline, respectively. During the study, blood glucose
levels were monitored every 5 minutes and glucose was
infused as needed to maintain blood glucose level at the
preinfusion level. Fast insulin levels were 8 ± 2 and 262 ±
52 µU/mL in lean and obese rats, respectively, a differ-
ence of 30-fold. After infusion with insulin for 1 hour,
serum insulin levels were significantly increased in both
lean and obese rats (Table 1).

Effect of insulin on tyrosine phosphorylation of IRs in lean and
obese rats in vivo. Euglycemic clamp study 1 (8 rats in each
group) was performed to determine whether insulin
resistance changed insulin-stimulated tyrosine phospho-
rylation of IRβ in aorta and liver. Figure 6a showed that
insulin infusion increased IRβ tyrosine phosphorylation
in the aorta of the lean rats by 4.2-fold, whereas increases
of only 1.8-fold over the basal level were noted in the obese
rats, a reduction of 75% (P < 0.01). Similarly, insulin also
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Figure 4
IRS-1– and IRS-2–associated PI 3-kinase activities in the aorta and microvessels ex vivo. Isolated aortas were incubated without or with insulin (100 nM)
in DMEM (0.1% BSA) for 30 minutes at 37°C. Equal amounts of protein (2 mg) samples were subjected to immunoprecipitation with αIRS-1 (a) or
αIRS-2 (b) antibodies. In the studies with microvessels (c), samples were treated without or with insulin (2–100 nM) in DMEM (0.1% BSA) for 5 minutes
at 37°C, and 2-mg protein samples were subjected to immunoprecipitation with αIRS-2 antibody. The kinase activities were measured in the presence
of phosphatidylinositol and [32P]ATP, and the lipid products were separated by TLC (top panels). The spots that comigrated with a PI 3-phosphate (PIP)
standard were quantified by a PhosphorImager. Data (mean ± SD; n = 4) are expressed as relative to control, assigning a value of 100% to the mean of
100-nM insulin-treated samples of lean rats. *P < 0.05, **P < 0.01, lean vs. obese treated with insulin at the same concentrations.

Figure 5
Insulin-stimulated serine phosphorylation of Akt in isolated microvessels
ex vivo. Isolated microvessels were stimulated without or with insulin (2
and 100 nM) for 20 minutes at 37°C (n = 3; each sample of microvessels
was derived from 2 rats). Tissues were homogenized in lysis buffer as
described in Methods. Lysates (100 µg protein) were separated with 8%
SDS-PAGE and transferred to nitrocellulose membrane. The membranes
were blotted with anti-phospho-(serine 473)-Akt antibody, viewed using
an ECL kit, and quantified with a densitometer. *P < 0.05, **P < 0.01,
lean vs. obese treated with insulin at the same concentrations (n = 3; each
sample of microvessels was derived from 2 rats).



increased IRβ tyrosine phosphorylation by 7.5- and 3.0-
fold in the livers of the lean and obese rats, respectively, a
difference of 69% (P < 0.05) (Figure 6b). The relative abun-
dance of IRβ subunits in the aorta and liver samples from
lean and obese rats were also compared by using the same
blots for the detection of IRβ tyrosine phosphorylation.
As shown in Figure 6 (middle), IRβ protein levels in the
aorta and liver were not different between lean and obese
rats. Similarly, we did not find significant difference in IRβ
protein levels in the skeletal muscle between lean and
obese rats (data not shown).

The presence of IR/IGF-1 hybrid receptors was also
detected in the microvessels. The abundance of hybrid
receptors was significantly higher in obese than in lean
rats (Figure 6c). However, the relative levels of the hybrid
receptors in the microvessels accounted for only 10% and
16% of the total IR in lean and obese rats, respectively.

Effect of insulin on PI 3-kinase activities in lean and obese rats
in vivo. Euglycemic clamp study 2 (5 rats in each group)
was performed to determine the effect of insulin resist-
ance on PI 3-kinase activation by insulin. As illustrated
in Figure 7a, the mean levels of basal PI 3-kinase activi-
ties in the anti–IRS-2 immunoprecipitates were compa-
rable in the aorta of lean and obese rats (P = 0.10; n = 5).
Infusion with insulin (10 mU/kg/min for 1 hour)
increased IRS-2–associated PI 3-kinase activities by 3.5-
fold in the aorta of lean rats, compared with increases of
only 1.7-fold in obese Zucker rats, a reduction of 72% 
(P < 0.01; n = 5 in each group).

In the liver, the basal levels of PI 3-kinase activities of
obese rats were significantly increased by 38%, compared

with lean rats (P < 0.05; n = 5). Insulin increased IRS-
2–associated PI 3-kinase activities (P < 0.01; n = 5) by 
4.5- and 1.6-fold in the livers of lean and obese rats,
respectively, a reduction of 82% (P < 0.01; n = 5 in each
group) (Figure 7b).

Tyrosine phosphorylation of MAP kinase (ERK-1/2) in vas-
cular tissues. Using antibodies against tyrosine-phospho-
rylated ERK-1/2, the levels of ERK-1/2 activation were
examined in enriched microvessels after insulin stimu-
lation in ex vivo experiments. As shown in Figure 8 (top),
insulin (2 or 100 nM) stimulated tyrosine phosphoryla-
tion of ERK-1/2 equally in microvessels of both lean and
obese rats. Insulin at 2 and 100 nM stimulated 3.0- and
4.3-fold increases above basal levels in tyrosine phos-
phorylation of ERK-1/2 in microvessels of lean rats,
respectively (Figure 8, bottom), and 3.4- to 4.5-fold
increases in the obese rats. The basal levels of tyrosine
phosphorylation of ERK-1/2 were significantly higher in
microvessels of obese rats than lean animals (P < 0.05; 
n = 6). No significant differences in ERK-1/2 protein lev-
els in microvessels of obese and lean animals were
observed (Figure 8, middle).

ERK-1/2 tyrosine phosphorylations were examined in
the aorta and liver after euglycemic hyperinsulinemic
clamp. Insulin infusion did not stimulate tyrosine phos-
phorylation of ERK-1/2 in the aorta and liver from lean
and obese rats. Interestingly, the basal levels of phos-
phorylated ERK-1/2 in the aorta and liver of obese rats
were 2.2-fold (P < 0.05; n = 5) and 2.6-fold (P < 0.01; n = 5)
higher, respectively, than those from lean controls (data
not shown). The protein levels of ERK-1/2 were not sig-
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Figure 6
(a and b) Tyrosine phosphorylation and protein levels of IRβ in the aorta and liver after euglycemic hyperinsulinemic clamp. Animals were infused with
saline (control) or insulin (10 mU/kg/min) for 1 hour during a euglycemic clamp as described in Methods. The aorta and liver were removed, and equal
amounts of protein were subjected to immunoprecipitation with IRβ antibody, separated by SDS-PAGE, and immunoblotted with αPY antibody (top
panels). Stripped membranes were reblotted with αIRβ antibody (middle panels). Data (mean ± SD; n = 4) are expressed as relative to control, assign-
ing a value of 100% to the lean control mean. *P < 0.05, insulin lean vs. insulin obese. (c) Hybrid IR/IGF-1R in microvessels of lean and obese rats. Iso-
lated microvessels were homogenized, and lysates (6 mg protein) were subjected to immunoprecipitation with αIRβ or IGF-1Rβ antibodies, separated
by SDS-PAGE, and immunoblotted with αIGF-1Rβ or αIRβ antibodies as indicated. Stripped membranes were reblotted with αIRβ antibody (middle).
The percentage of hybrid receptors in total IR was calculated by the ratio between PhosphorImager counting of IGF-1Rβ bands (top) and IRβ bands
(middle) in αIRβ immunoprecipitates. *P < 0.05, lean vs. obese rats (n = 3; each sample of microvessels was derived from 2 rats).



nificantly different in the aorta and liver between lean
and obese animals.

Discussion
In the present study we have characterized insulin signal-
ing in the aorta and microvessels of lean and obese Zuck-
er fa/fa rats. The obese Zucker rats have insulin resistance,
hyperinsulinemia, hyperlipidemia, glucose intolerance,
and mild hypertension, properties similar to obesity-relat-
ed insulin resistance and type 2 diabetes mellitus (35).
These results show that tyrosine phosphorylation of IR
and IRS-1/2, PI 3-kinase activity, and serine phosphoryla-
tion of Akt/PKB are impaired in the vasculature of the
obese animals. However, insulin stimulates tyrosine phos-
phorylation of ERK-1/2 MAP kinase equally in the
microvessels of both lean and obese rats, although the
basal levels of tyrosine phosphorylation of MAP kinase are
significantly higher in the aorta and microvessels of the
obese rats than in lean rats. Thus, we believe, these results
have provided the first quantitative analysis of insulin-sig-
naling pathways in intact vascular tissues, and have
demonstrated a selective impairment of insulin’s activa-
tion on the PI 3-kinase-Akt pathway in the obese and
insulin-resistant animals. In addition, both endothelial
and smooth muscle cells are probably contributing to the
parameters of the insulin signal measured in this study.
We have previously reported that insulin can increase PI
3-kinase activation through IRS-1/2 in smooth muscle
cells (30); recently, we have found that endothelial cells
have the same properties (data not shown).

The sites of insulin-signaling impairment appear to be
at the IR and postreceptor levels in the aorta and
microvessels of obese Zucker rats. Although the total
amount of the receptors are not changed, the levels of IR
tyrosine phosphorylation induced by insulin are
decreased significantly in the blood vessels of obese Zuck-
er rats (as examined by both in vivo and ex vivo studies)
compared with lean rats. The reduction in IR tyrosine
phosphorylation in the vascular cells is similar to that

observed in liver, as examined by hyperinsulinemic eug-
lycemic clamp study. Interestingly, the amount of IR/IGF-
1R hybrid receptors may have been increased in the obese
rats. These hybrid receptors may be less sensitive to
insulin’s activation because they have lower affinity for
insulin binding than homodimeric IR (36). However, the
contribution of the hybrid receptors to IR signaling in the
vascular tissues may not be too significant, because the rel-
ative amounts of hybrid receptors to total IR were 1:10.

Possibly as a result of the decreased IR tyrosine phos-
phorylation, IRS-1 and IRS-2 tyrosine phosphorylation
and PI 3-kinase activation in the aorta and microvessels of
the obese Zucker rats are decreased. Decreases in protein
levels of IRS-1 and IRS-2 by 23–34% in vascular tissues of
the obese Zucker rats also contribute to the decline in 
PI 3-kinase activities. However, the total protein levels of
PI 3-kinase and the total activities of PI 3-kinase immuno-
precipitated with anti-p85 antibody are not altered in the
vasculature of the obese rats, compared with lean rats. The
decreases in IRS-1– and IRS-2–associated PI 3-kinase activ-
ities may be a consequence of changes in both IR kinase
and decreased protein expression of IRS-1 and IRS-2.

Reductions in IR phosphorylation and signaling via PI
3-kinase pathway in the vascular tissues of obese Zucker
rats appear to be similar to that found in muscle, liver, and
adipose tissues of insulin-resistant animal models and
humans (33, 37–41). In the liver of obese Zucker fa/fa rats,
insulin binding to the plasma membranes has been
reported to be decreased with age in one study (42), where-
as other studies noted no changes in receptor binding,
although receptor tyrosine kinase activity was decreased
(43). In obese patients IR numbers or binding are
decreased in skeletal muscle (40, 44). However, insulin-
stimulated PI 3-kinase activity is always impaired, and pro-
tein levels of IRS-1 and IRS-2 are decreased in muscle and
liver of obese Zucker rats (38). In diabetic ob/ob mice,
decreases in receptor tyrosine phosphorylation, IRS-1
tyrosine phosphorylation, and PI 3-kinase activation in
liver and skeletal muscles are associated with the reduc-
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Figure 7
IRS-2–associated PI 3-kinase activities
in the aorta and liver after euglycemic
hyperinsulinemic clamp. Animals were
infused with saline (control) or insulin
(10 mU/kg/min) for 1 hour during a
euglycemic clamp as described in
Methods. IRS-2 associated PI 3-kinase
in the aorta, and liver was immuno-
precipitated with αIRS-2 antibody.
The kinase activities were measured in
the presence of phosphatidylinositol
and [32P]ATP, and the lipid products
were separated by TLC (top panels).
The spots that comigrated with PIP
standard were quantified by a Phos-
phorImager. Data (mean ± SD; n = 5)
are expressed relative to control,
assigning a value of 100% to the con-
trol mean. *P < 0.05, insulin lean vs.
insulin obese.



tion in protein expression of IR, IRS-1 and IRS-2, and p85
subunit of PI 3-kinase (33, 41). In contrast, we did not find
changes in protein expression of IRβ and p85 subunit of
PI 3-kinase in vascular tissues of the obese Zucker rats.
This difference could be because our results quantified
total amount of IR rather than just that on the plasma
membrane. In addition, it is possible that insulin resist-
ance can be induced even without changes in IR protein
level. For example, it has been reported that TNF-α
inhibits IR signaling at IR and IRS-1 tyrosine phosphory-
lation without changing IR protein levels (45).

There are probably several mechanisms that can cause
decreases in insulin signaling via the PI 3-kinase path-
way in the vasculature of obese insulin-resistant rats.
First, increases in serine and threonine phosphorylation
of IRβ may reduce receptor kinase activity and
autophosphorylation. It has been reported that activa-
tion of PKC induces serine phosphorylation of IR,
which can inhibit its tyrosine kinase activity, and leads
to the decreases of insulin-induced PI 3-kinase activities
both in vascular cells and nonvascular cells (46, 47).
Activation of protein kinase C-α, -β, -ε, and -δ have been
reported in skeletal muscle of Zucker obese and diabet-
ic Goto-Kakizaki rats (48). Second, altered phosphoty-
rosine phosphatase activity might lead to reduction in
tyrosine phosphorylation of IR and IRS protein that
secondarily decreases PI 3-kinase activity. Both increase
and decrease in phosphotyrosine phosphatase activities
have been reported in skeletal muscle and/or adipose
tissue of Zucker obese rats and in obese and type 2 dia-
betic patients (49–51). Third, dyslipidemia may play a
role in mediating insulin resistance observed in Zucker
obese rats. Recent studies suggested that experimental-
ly induced hypertriglyceridemia and high plasma free
fatty acid levels impair in vivo insulin’s metabolic action
(52, 53). Last, circulating factors and hormone may also
regulate insulin signaling in the vasculature. These
cytokines include TNF-α and TNF-β, angiotensin II,
and endothelin-1. TNF-α has been suggested as an
important mediator of insulin resistance in obese ani-
mals through its overexpression from fat tissue (45).
Angiotensin II has been reported to inhibit insulin sig-
naling through modulating IRS protein phosphoryla-
tion and/or PI 3-kinase activity (54). Our recent study
has also demonstrated that endothelin-1, which is ele-
vated in type 2 diabetes, attenuated insulin-stimulated
PI 3-kinase activity in cultured VMSCs (30).

Selective impairment of insulin signaling on PI 3-kinase
pathway in the vascular tissues could be pathophysiologi-
cally important in the development of cardiovascular dis-
eases. A recent study by Zeng and Quon showed that acti-
vation of PI 3-kinase pathway could be involved in insulin’s
stimulatory effect on NO release in cultured vascular
endothelial cells (3). This effect of insulin on NO could be
responsible for insulin’s vasodilatory actions (7, 8). In an
insulin-resistant state, the vasodilatation induced by
insulin is blunted because the PI 3-kinase pathway is par-
tially inhibited. Interestingly, the vasodilatory effect of
insulin is also blunted in subjects with obesity and patients
with type 2 diabetes (12). In addition, we have recently
reported that insulin’s vasodilatory effect could be partial-
ly due to increases in eNOS gene expression via PI 3-kinase

pathway (6). Besides vasodilatory actions, stimulation of
NO production by insulin may also affect vascular remod-
eling, such as inhibiting VSMC proliferation and migra-
tion and inhibiting platelet aggregation and leukocyte
adhesion to endothelial cells (55). These reports suggest
that the inhibition of PI 3-kinase pathway activation by
insulin in vascular tissues of insulin-resistant states may
contribute to the loss of insulin’s effect on NO production,
which will enhance the atherogenic potential of the
insulin-resistant state.

In contrast to PI 3-kinase activation, much less is
known about insulin’s activation of ERK-1/2 MAP
kinase in insulin-resistant or diabetic conditions in vivo.
Our results have established that insulin at physiologi-
cal levels can activate MAP kinase in microvessels,
although to a modest level. Surprisingly, the effect of
insulin on ERK-1/2 MAP kinase tyrosine phosphoryla-
tion is not observed in the aorta and liver in vivo by using
the euglycemic clamp. This could be the result of the
lack of an effective way to isolate the MAP kinase pool
specifically activated by insulin in euglycemic clamp
studies. Alternatively, manipulation of the tissues dur-
ing isolation could have artificially activated MAP kinase
and mimicked insulin’s effect. Because insulin’s effect on
MAP kinase is relatively weak compared with other
growth factors such as PDGF, it is possible that insulin
growth effect mediated by MAP kinase activation may
not be pathophysiologically important. This is consis-
tent with insulin being a very weak stimuli of vascular
cell proliferation at physiological concentrations, com-
pared with other growth factors (56).
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Figure 8
Effects of insulin on tyrosine phosphorylation of MAP kinase (ERK-
1/2) in microvessels ex vivo. Isolated microvessels were incubated with-
out or with insulin (2 or 100 nM) in DMEM (0.1% BSA) for 10 minutes
at 37°C. Fifty micrograms of protein of each sample was separated by
SDS-PAGE and immunoblotted with antibody specific for tyrosine-
phosphorylated ERK-1/2. Stripped membranes were reblotted with
polyclonal antibody against ERK-1/2 proteins. Data (mean ± SD; 
n = 6) are expressed relative to control, assigning a value of 100% to
lean control mean.



We believe that these studies have provided the first
direct evidence that insulin can activate both the PI 3-
kinase and MAP kinase pathways in the vasculature ex
vivo or in vivo. In an insulin-resistant state, PI 3-kinase
pathway appears to be selectively blunted in vascular tis-
sues, compared with MAP kinase activity. These findings
have provided support for the hypothesis that under
physiological states, insulin may have vasodilatory and
antiatherogenic actions mediated by the PI 3-kinase–NO
pathway, although activation of PI 3-kinase may also
stimulate DNA synthesis (20). In the obese insulin-resist-
ant state, insulin’s vasodilatory and antiatherogenic
functions, mediated through PI 3-kinase pathway, may
be impaired, whereas proatherogenic actions mediated
through MAP kinase cascade may be increased due to
hyperinsulinemia and plasma mitogenic factors. The
imbalance between PI 3-kinase and MAP kinase signal
pathways in the vasculature may lead to the develop-
ment of cardiovascular abnormality observed in insulin
resistance and diabetic patients.
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