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Abstract

Insulin resistance is an underlying mechanism of type 2 diabetes and its vascular complications. 

Recent evidence suggests that crosstalk between angiotensin II (Ang II) and the insulin signaling 

in vascular smooth muscle cell (VSMC) may contribute to cellular insulin resistance. We 

hypothesized that Ang II inhibits the anti-mitogenic pathways while enhancing the mitogenic 

pathways stimulated by insulin via activation of Protein Tyrosine Phosphatase-1B (PTP-1B) in 

VSMC. We found that Ang II significantly inhibited insulin-induced phosphorylation of tyrosine 

608 of IRS-1 and serine 473 of Akt, a downstream member of anti-mitogenic pathway of insulin. 

In contrast, Ang II increased the serine phosphorylation of IRS-1 which was not affected by the 

presence of insulin. Activation of p42/p44 MAPK (a mitogenic pathway) induced by insulin was 

further enhanced by Ang II. Transfection of VSMC with PTP-1B antisense oligonucleotide 

markedly reduced the effects of Ang II on insulin signaling. Furthermore, an increase in VSMC 

growth was attenuated by PTP-1B antisense only in the presence of both Ang II and insulin. 

Finally, we also showed that Ang II -induced activation of PTP-1B in VSMC was PKA/JAK2 

dependent. We conclude that Ang II modulates both anti-mitogenic and mitogenic pathways of 

insulin via the activation of PTP-1B.

Graphical Abstract

© 2010 Elsevier Inc. All rights reserved.

Address for Correspondence: Pimonrat Ketsawatsomkron, Ph. D., 375 Newton Road, 3181 MERF, Internal Medicine, University of 
Iowa, Iowa city, IA, 52242, Phone: 319-335-8926, Fax: 319-353-5350, pim-kets@uiowa.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Vascul Pharmacol. Author manuscript; available in PMC 2015 May 28.

Published in final edited form as:
Vascul Pharmacol. 2010 ; 53(0): 160–168. doi:10.1016/j.vph.2010.06.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

insulin resistance; Angiotensin II; PTP-1B; growth

1. Introduction

Insulin resistance is generally referred to reduced biological effects of insulin (Biddinger 

and Kahn, 2006). It is closely associated with the development of type2 diabetes and 

cardiovascular diseases (Hsueh et al., 2004; Saltiel and Kahn, 2001). Despite the metabolic 

function, previous studies have consistently shown that insulin can also regulate cell growth 

and differentiation, known as the non-metabolic functions of insulin (Biddinger and Kahn, 

2006). Although vasculature is not considered as “a classic insulin sensitive tissue”, insulin 

resistance in blood vessel can occur and has been suggested to be a cause of vascular 

diseases during insulin resistant condition (Nigro et al., 2006). In vasculature, insulin 

mediates glucose uptake (Izawa et al., 2005) and acts as an anti-atherosclerotic factor by 

increasing nitric oxide (NO) release by endothelial cells via activation of 

phosphatidylinositol 3 kinase (PI3K)/Akt (Zeng et al., 2000; Zeng and Quon, 1996). 

Moreover, insulin regulates VSMC growth, proliferation and migration via activation of the 

mitogen-activated protein kinase (MAPK) (Wang et al., 2003). Similar to other tissues, 

when insulin resistance takes place, not all of the insulin regulated pathways become equally 

resistant to insulin (Biddinger and Kahn, 2006; Nigro et al., 2006). Attenuated activation of 

the insulin receptor substrate-1 (IRS-1)/PI3K/Akt pathway while maintained or enhanced 

the activation of the MAPK pathway is observed in different tissues during insulin resistant 

condition (Nigro et al., 2006). However, the underlying mechanisms leading to alterations of 

insulin signaling pathways in the vasculature are not yet clearly understood.

Previous studies have shown that Ang II infusion induces insulin resistance in vivo (Ogihara 

et al., 2002). and inhibiting the Ang II actions (by Ang II converting enzyme inhibitors and 

AT1 receptor blockers) can reduce the development of type 2 diabetes in hypertensive 

patients by improving insulin sensitivity (Carvalho et al., 1997; Folli et al., 1999). Studies in 

different insulin resistance models e.g. obese zucker rats (Henriksen et al., 2001) and 

Ketsawatsomkron et al. Page 2

Vascul Pharmacol. Author manuscript; available in PMC 2015 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fructose-fed hypertensive rats (Navarro-Cid et al., 1995) demonstrated that angiotensin 

receptor (AT1R) antagonists reduced insulin resistance. All of these data suggest that Ang II 

–mediated development of insulin resistance is associated with activation of AT1R (Igarashi 

et al., 2007). However, the mechanism by which Ang II causes alterations of insulin 

signaling pathways especially in the vasculature has not been fully understood.

Several protein tyrosine phosphatases (PTPases) such as PTP-1B, LAR, SHIP2 and PTEN 

are implicated in the development of insulin resistance (Asante-Appiah and Kennedy, 2003; 

Byon et al., 1998). However, the most convincing data support a critical role of PTP-1B as a 

modulator of insulin signaling (Asante-Appiah and Kennedy, 2003; Byon et al., 1998). For 

example, PTP-1B knockout mice are insulin sensitive and maintain euglycemia with one 

half the insulin level found in the wild type controls (Elchebly et al., 1999). However, the 

role of PTP-1B was only investigated from a metabolic aspect. Little is known about the 

functions of PTP-1B in regulating insulin signaling pathways in the vasculature. 

Interestingly, our group has recently shown that Ang II inhibits insulin-induced tyrosine 

phosphorylation of insulin receptor (IR) in VSMC by activation of protein kinase A (PKA) 

(Marrero et al., 2004). Based on our recent findings and others, we speculate that activation 

of PTP-1B through PKA is an underlying mechanism of Ang II-induced blockade of insulin-

induced IRS-1/PI3K/Akt pathway in VSMC (Marrero et al., 2004). Furthermore, Dube et al. 

demonstrated that PTP-1B acts as a positive regulator for Ras and thus enhances MAPK 

activity (Dube et al., 2004), suggesting a growth promoting effect of PTP-1B via MAPK. 

Taken together, activation of PTP-1B by Ang II in VSMC may potentially alter insulin 

signaling and facilitates VSMC growth and proliferation. While the role of Ang II in 

hypertension is well established, not much is known regarding the effect of Ang II on insulin 

signaling pathways in VSMC. Therefore, we tested the hypothesis that Ang II modulated 

insulin signaling pathways in VSMC via activation of PTP-1B. Our study sheds light on a 

novel molecular mechanism of insulin resistance in VSMC.

2. Materials and Methods

2.1. Culture of rat vascular smooth muscle cells (VSMC)

VSMC were obtained from the aorta of male Sprague-Dawley rats using an explant method 

as previously described (Florian and Watts, 1998). Subcultures 3–8 were used in these 

studies. 80%–90% confluent VSMC was placed into serum-free media with normal (5.5 

mM) glucose 24 hours prior to experimentation. Cells were stimulated with insulin (100 

nM) (Sigma) for indicated time with or without pre-incubation of Ang II (100 nM) (Sigma) 

for 1 hr. We chose to pre-incubate VSMC with Ang II for 1 hour because our preliminary 

studies showed a maximal inhibitory effect of Ang II on insulin signaling molecules (IRS-1 

and Akt) compared to other pre-incubation time points (15 min or 30 min; data not shown).

In some experiments, VSMC were treated with specific inhibitors before stimulation of Ang 

II, H-89 (PKA inhibitor, 0.05μM, 30 min), Calphostin C (PKC inhibitor, 0.05 μM, 30 min), 

KT-5827 (PKG inhibitor, 10 μM, 30 min), PP2 (Src inhibitor, 0.1 μM, 30 min) and AG-490 

(JAK2 inhibitor, 0.1 μM, 1 hour). After the experiments were carried out, VSMC were 

washed with an ice-cold phosphate buffered saline (1xPBS) solution containing sodium 

orthovanadate (1 mM). VSMC were lysed in 500 μL of ice cold RIPA lysis buffer. Cells 
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were then harvested and sonicated. Lysates were centrifuged at 14000 rpm for 10 min. The 

supernatant was collected and total protein was measured by Lowry high assay, using BSA 

standard (BioRad) and then samples were frozen at −80°C until used.

2.2. Western Blotting

VSMC lysates were placed in denaturing SDS buffer and boiled for 5 minutes, then resolved 

by SDS-PAGE gel electrophoresis. Proteins were transferred to nitrocellulose membranes 

and blocked (60 min, 22 °C) by 5% skim milk in T-TBS (TBS with 0.0.5% Tween-20, pH 

7.4). Membranes were incubated overnight (4°C) with affinity purified anti-

phosphospecificanti-Tyr608 IRS-1 (1:500 dilution) from Biosource, Anti-Ser307-IRS-1 

(1:1000 dilution), anti-Ser612-IRS-1 (1:1000 dilution), anti-Ser473-Akt (1:1000 dilution) 

and anti-Thr202/Tyr204-p42/44 MAPK (1:1000 dilution) from Cell Signaling. Membranes 

were washed with T-TBS and then incubated with the appropriate secondary antibody (60 

min, 22 °C). After washing with T-TBS the bands were visualized using Pierce Supersignal 

substrate chemiluminescence and Kodax Biomax film. Membranes were stripped with 37°C 

stripping buffer (Pierce) for 30 minutes and the complete removal of the primary antibody 

was ensured. Membranes were washed with T-TBS and re-blocked with 5% skim milk 

before re-probing with the following antibodies: total IRS-1 (1:1000 dilution) (BD 

Biosciences), Akt and p42/44 MAPK (1:1000 dilution) (Cell Signaling). At the end of 

experiment, membranes were also incubated with smooth muscle alpha actin antibody 

(Oncogene, Boston, MA) and the appropriate secondary antibody to ensure equal loading of 

total protein. Molecular weight markers assessed specificity of the bands.

2.3. Immunoprecipitation Studies

Aliquots of 500 μg of VSMC lysate were used for immunoprecipitation. Anti-PTP-1B 

antibody (1 μg) (BD Biosciences) were added to the VSMC lysate and samples were 

incubated for 2 hours at 4 °C with rocking. 50 μl of protein A/G agarose beads (Santacruz 

Biotechnology, Santacruz, CA, U.S.A.) were added, followed by incubation overnight at 4 

°C with rocking. The agarose beads then were pelleted by centrifugation at 2,000 rpm for 3 

minutes. The beads were washed three times with ice-cold rinse buffer containing 1x PBS 

and 1 mM Sodium Vanadate. Immunoprecipitated proteins were dissolved by boiling for 5 

minutes at 95 °C in SDS sample buffer and analyzed by SDS-PAGE. Proteins then were 

transferred to a nitrocellulose membrane and blotted with either anti-phosphotyrosine 

(1:1000 dilution) (PY4G10, Upstate) or anti-phosphoserine (1:1000 dilution) antibodies 

(Zymed). Finally, proteins were visualized using horseradish-peroxidase conjugated with 

goat anti-mouse or donkey anti-rabbit IgG and enhanced chemiluminescence kit and Kodax 

Biomax film. Memebranes were stripped and re-probed with anti-PTP–1B antibody.

2.4. PTP-1B Activity Assay

PTP-1B phosphatase assays were performed on the PTP-1B immunoprecipitates as 

previously described (Marrero et al., 1998). Briefly, VSMCs were starved for 24 hours prior 

to experimentation and then stimulated by 100 nM Ang II for the indicated time. Cells were 

lysed and total proteins were immunoprecipitated with PTP-1B antibodies. 

Immunocomplexes were washed three times with ice-cold wash buffer and then three times 

with phosphatase buffer. Immunocomplex pellets were then resuspended in 100 μl of 
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phosphatase buffer containing 1 mg/ml BSA, 5 mM EDTA, and 10 mM dithiothreitol. The 

reaction was initiated by the addition of p-nitrophenyl phosphate (10 mM final 

concentration). After 30-min incubation at room temperature, the reaction was stopped by 

the addition of 1 M NaOH and absorbance of the sample was determined at 410 nm in a 

spectrophotometer.

2.5. PTP-1B sense and antisense

The experiments were carried out as described in a previous study by Duff et al. (Duff et al., 

1995). Oligonucleotides (ISIS-113715, Isis Pharmaceuticals, Carlsbad, CA) were added to 

the cells in Opti-MEM containing Lipofectin. After indicated times, the medium was 

removed, 0.1% calf serum/DMEM was added, and cells were allowed to recover for 30 min 

prior to stimulation by Ang II or insulin.

2.6 Akt activity assay

This experiment was done using PathScan Phospho-Akt and PathScan Total Akt1 Sandwich 

ELISA Kit (Cell Signaling) according to the manufacturer’s instructions.

2.7. Thymidine incorporation

The experiments were done as previously described (Marrero et al., 1997). Briefly, VSMC 

were plated in 96-well plates and maintained in DMEM supplemented with 10% fetal 

bovine serum. 24 and 48 h after transfection with PTP-1B sense or antisense, some groups 

were stimulated with insulin and/or pre-incubation with Ang II (100 nM) for 1 hour. VSMC 

were pulsed with 1 mCi/ml [3H] thymidine (New England Nuclear, Boston, MA) and then 

harvested into trichloroacetic acid-precipitable material. Cells were washed with phosphate-

buffered saline, incubated in 10% trichloroacetic acid at 4 °C, dissolved at room temperature 

in 1 mol/liter, and dried on filter paper. The paper was washed three times with phosphate-

buffered saline, and then the samples were placed in scintillation liquid and counted on a 

scintillation counter (Beckman Inc., Palo Alto, CA). Data were plotted as the number of 

cpm/well. Each experimental data point represents duplicate wells from at least four 

different experiments.

2.8. PKA activity assay

The assay was performed with the PKA assay kit from Calbiochem (Promega) according to 

the manufacturer’s instructions.

2.9. Data analysis and statistics

Data are presented as means ± standard error of the mean (SEM) for the number of animals 

in parentheses. Statistical analysis was carried out with the Sigma Stat program (Jandel 

Scientific, San Rafael, CA). Unpaired Student t-test was used to compare between two 

groups. One-way ANOVA followed by a Student-Newman-Keuls post hoc test was used to 

compare three or more groups. P < 0.05 values were considered to be significant. Band 

density was quantified using the program NIH Image.
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3. Results

3.1. Ang II inhibits insulin-induced activation of anti-mitogenic pathways

We first investigate the effect of Ang II on insulin-induced activation of IRS-1 and Akt in 

culture rat aortic VSMC. It is well documented that tyrosine phosphorylation of IRS-1 is 

required for insulin-stimulated PI3K/Akt (Gual et al., 2005). Moreover, the specific tyrosine 

phosphorylation at 608 is important for the docking between IRS-1 and PI3K (Esposito et 

al., 2003). As shown in Figure 1A, insulin alone significantly increased tyrosine 608 

phosphorylation of IRS-1 in a time-dependent manner (% phosphorylation: 84.78±5.9 at 5 

min and 82.79±4.67 at 10 min vs. 18.87±5.93 in control group,* p<0.05). However, the 

phosphorylation of tyrosine 608 of IRS-1-induced by insulin was significantly inhibited by 

Ang II (% phosphorylation from insulin alone: 84.78±5.9 at 5 min and 82.79±4.67 at 10 min 

vs. % phosphorylation from insulin+Ang II: 48.4±3.3 at 5 min and 64.79±4.67 at 10 min, 

*p<0.05).

IRS-1 also can be phosphorylated at specific serine sites which negatively regulate IRS 

functions (Gual et al., 2005). Previous studies have shown that phosphorylation of serine 

307 and serine 612 of IRS-1 results in impairment of insulin signaling transmission (Gual et 

al., 2005). Therefore, we next examined the effect of Ang II on the phosphorylation of serine 

307 and 612 of IRS-1 in order to delineate further the mechanism of Ang II-induced 

impairment of insulin signaling in VSMC. Ang II significantly increased phosphorylation of 

serine 307 and 612 of IRS-1 (*p<0.05 vs. insulin alone) in VSMC but this activation was not 

affected by insulin (Figure 1B and 1C).

It has been suggested that Akt is required for insulin-stimulated glucose uptake and it is 

important for insulin signal activation (Saltiel and Kahn, 2001). Accumulating data also 

show that decreases in insulin-induced Akt activation is found in various models of insulin 

resistance (Krook et al., 1997; Shao et al., 2000). As shown in Figure 1D, insulin alone 

significantly increased phosphoryaltion of serine 473 of Akt maximally at 10 min (% 

phosphorylation: 124.82±15.9 at 10 min vs. 21±8.8 in control group, *p<0.05) and this 

effect was attenuated by pre-incubation with Ang II (*p<0.05 vs. insulin alone). Therefore, 

these data suggest that Ang II inhibited the ability of insulin to activate the anti-mitogenic 

pathway in VSMC, as shown by decreased tyrosine phosphorylation of IRS-1, increased 

serine phosphorylation of IRS-1 and decreased serine phosphorylation of Akt.

3.2. Ang II enhances insulin-induced activation of mitogenic pathways

Another main signaling cascade stimulated by insulin is the MAPK. The p42/44 MAPK 

pathway is specifically involved in growth and proliferation of VSMC (mitogenic effect of 

insulin) (Nigro et al., 2006). Therefore, we next investigated the effect of insulin-induced 

phosphorylation of p42/44 MAPK in the presence or absence of Ang II in VSMC. Insulin 

itself only slightly increased p42/44 MAPK phosphorylation and this activation did not 

reach statistically significance (p>0.05 vs. control group). As expected, Ang II markedly 

increased activation of p42/44 MAPK (% phosphorylation: 49.95±5.8 from Ang II alone vs. 

0±0 from control group, *p<0.05). Interestingly, we observed a slight decrease in p42/44 

MAPK phosphorylation after pre-incubation of Ang II for 1 hour followed by insulin 
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stimulation at 5 and 10 min. It is possible that insulin induces some effects to oppose Ang II 

actions at early time point. However, Ang II significantly enhanced p42/44 MAPK 

activation induced by insulin at 30 min (*p<0.05 vs. insulin alone and #p<0.05 vs. Ang II 

alone) (Figure 2). Therefore, these data suggest that Ang II enhanced insulin-induced 

activation of the mitogenic pathway. In this experiment, we chose to utilize the lower 

concentration of Ang II at 1 nM in this experiment because Ang II at 100 nM maximally 

activates MAPK. Therefore, it was not possible to detect differences in the levels of p42/44 

MAPK activation comparing between Ang II alone and Ang II with insulin (data not shown) 

when Ang II 100 nM was used. This limitation is due to the sensitivity of western blot 

analysis with ECL and film detection methods.

3.3. Ang II impairs insulin-induced activation of anti-mitogenic pathways by activation of 
PTP-1B

Accumulating data support a critical role of PTP-1B in insulin signaling (Asante-Appiah and 

Kennedy, 2003) in the classic insulin sensitive tissues but little is known about the role of 

PTP-1B in VSMC. Therefore, we set forth to investigate whether PTP-1B is activated by 

Ang II in VSMC. As shown in Figure 4B, Ang II increased PTP-1B activity in VSMC, 

which was blocked by the tyrosine phosphatase inhibitor, sodium orthovanadate (*p<0.05 

vs. Ang II alone). We then hypothesized that Ang II modulated insulin signaling molecules 

by activation of PTP-1B. We utilized a PTP-1B antisense oligonucleotide to deplete the 

expression of PTP-1B. We found that PTP-1B antisense oligonucleotide markedly down-

regulated PTP-1B expression in VSMC after 6 hours of treatment compared to treatment 

with sense (Figure 3A). Importantly, reduction of PTP-1B expression by this antisense 

inhibited the blockade action of Ang II on insulin-induced tyrosine phosphorylation of 

IRS-1 (Figure 3B). We further investigated the activation of Akt in the presence or absence 

of the PTP-1B antisense (Figure 3C) and consistent with the tyrosine phosphorylation of 

IRS-1, the inhibitory effect of Ang II on the insulin-induced Akt activation also was 

significantly inhibited by the PTP-1B antisense (Figure 3C) (* p<0.05 vs. Ang II+insulin, 

Ang II+insulin+PTP-1B sense). Taken together, these data suggest that the activation of 

PTP-1B is involved in Ang II-induced insulin resistance in VSMC.

3.4. Ang II enhances insulin-promoted VSMC growth by activation of PTP-1B

We next determined the effect of PTP-1B antisense on VSMC growth by measuring DNA 

synthesis. As shown in Figure 3D, insulin alone had no effect on DNA synthesis. However, 

Ang II itself significantly increased VSMC growth (#p<0.05 vs. control group without Ang 

II). We observed that DNA synthesis of VSMC was markedly enhanced by pre-incubation 

of VSMC with Ang II followed by insulin exposure compared to those stimulated with 

either insulin or Ang II alone (*p<0.05 vs. Ang II alone). Although PTP-1B antisense 

oligonucleotide had no effect on Ang II’s ability to increase DNA synthesis, it markedly 

blocked the combined effect of insulin and Ang II (&p<0.05 vs. Ang II+insulin+PTP-1B 

antisense).
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3.5. Ang II induces activation of PTP-1B via a PKA dependent mechanism

It has been reported that PTP-1B can be activated via a serine phosphorylation (Tao et al., 

2001). Two potential serine kinases have been reported to be involved in the regulation of 

PTP-1B activity: PKA (Tao et al., 2001) and PKC (Flint et al., 1993). To determine the 

potential involvement of these two kinases in our system, we used specific pharmacological 

inhibitors, H-89 and Calphostin C. VSMC were treated with either H-89 or Calphostin C 

prior to Ang II exposure and PTP-1B then was immunoprecipitated with an anti-PTP-1B 

antibody and immunoblotted with either anti- phosphoserine or anti- phosphotyrosine 

antibody. H-89 markedly inhibited the serine phosphorylation of PTP-1B, whereas 

Calphostin C had no effect (Figure 4A). These data suggest that activation of PTP-1B in 

VSMC by Ang II occurs via a PKA dependent serine phosphorylation and is independent of 

PKC. We also confirmed our findings by investigating the PTP-1B activity in the presence 

or absence of H-89. As shown in Figure 4B, the Ang II induced PTP-1B activation was 

attenuated significantly by the PKA inhibitor (* p<0.05 vs. Ang II alone). All of these data 

indicate that activation of PTP-1B by Ang II occurs through PKA dependent mechanism.

3.6. JAK2 is an upstream kinase of Ang II-induced PKA activation in VSMC

To further examine the up-stream molecule of PKA in our system, we then utilized various 

pharmacological inhibitors and examined the effects of these inhibitors on PKA activity. We 

found that PKC (Calphosin C), PKG (KT5823) and Src kinase (PP2) specific inhibitors did 

not affect the Ang II-induced activation of PKA, whereas a JAK2 specific inhibitor 

(AG-490) significantly (*p<0.01 vs. Ang II alone) reduced the Ang II-induced PKA 

activation (Figure 5). We conclude that Ang II increases activity of PKA in VSMC through 

JAK2.

4. Discussion

Our present data demonstrated that activation of PTP-1B by Ang II resulted in aberration of 

insulin signaling pathways in VSMC. We observed a selective inhibition of insulin –induced 

activation of IRS-1/Akt pathway while enhanced activation of MAPK, which is consistent 

with other studies shown in various insulin resistant state (Jiang et al., 1999). Moreover, 

these studies demonstrated the activation of PTP1-B in VSMC by Ang II was via a JAK2/

PKA-dependent mechanism. Our studies demonstrated the following novel findings: 1) the 

role of PTP-1B in smooth muscle insulin resistance and 2) JAK2/PKA is involved in 

PTP-1B activation in VSMC. These data suggest that alterations of insulin signaling in 

VSMC caused by Ang II may contribute to the vascular insulin resistance which is an 

important factor determined the cardiovascular complications.

Previous studies have shown that Ang II inhibits insulin signaling pathways in VSMC at 

multiple levels (Folli et al., 1997; Izawa et al., 2005). The specific inhibition of insulin-

induced activation of IRS-1/PI3K/Akt by Ang II results in decreased GLUT4 translocation 

to the plasma membrane, followed by a reduction of glucose uptake in VSMC, suggesting 

insulin-induced glucose uptake in VSMC is dependent on IRS-1/PI3K/Akt, similar to other 

insulin-sensitive tissues (Izawa et al., 2005). Importantly, activation of IRS/PI3K/Akt 

signaling by insulin is also known as an anti-mitogenic pathway (non-metabolic effect) in 
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both VSMC and endothelial cells (Nigro et al., 2006; Wang et al., 2003). Insulin maintains 

VSMC quiescence and counteracts platelet-derived growth factor (PDGF) –promoted 

dedifferentiation via a PI3K-dependent mechanism (Wang et al., 2003). Furthermore, in 

endothelium, insulin has been proposed to induce IRS-1/PI3K/Akt signaling, which 

stimulates the production of NO thereby providing an anti-mitogenic effects of insulin 

(Kuboki et al., 2000; Zeng et al., 2000). Our present studies support previous reported data 

which demonstrate that Ang II inhibited the insulin-induced activation of IRS-1 (Tyr608) 

and Akt (Ser473) in VSMC (Folli et al., 1997; Izawa et al., 2005). Moreover, in this study 

we showed that Ang II maintained the serine phosphorylation of IRS-1 at Ser307 and 

Ser612 even in the presence of insulin. It is well documented that serine phosphorylation of 

IRS-1 at these sites causes a reduction of insulin-induced activation of signaling downstream 

by a number of mechanisms such as decreasing tyrosine phosphorylation, promoting 

degradation and interrupting the association of IRS-1 with PI3K (Gual et al., 2005). We 

speculate that the reduction of insulin-induced tyrosine phosphorylation of IRS-1 and serine 

phosphorylation of Akt caused by Ang II in our experiments may be partly attributable to 

the serine phosphorylation of IRS-1. Furthermore, activation of MAPK by Ang II has been 

reported to increase serine phosphorylation of IRS (Izawa et al., 2005), leading to 

impairment of insulin-induced activation of IRS/PI3K/Akt signaling. Because we also 

observed an increase p42/44 MAPK activation and serine phosphorylation of IRS-1 in our 

system following stimulations of insulin and Ang II, we cannot rule out the possibility that 

p42/44 MAPK contributes to the decrease in insulin-induced activation of IRS/PI3K/Akt in 

VSMCs. However, our studies add another novel mechanism of Ang II- induced insulin 

resistance.

This study is the first to demonstrate that Ang II-induced alteration of insulin signaling in 

VSMC occurs via activation of PTP-1B. Although most of the previous studies have 

emphasized the critical roles of PTP-1B in insulin resistance in various tissues such as liver, 

skeletal muscle, adipose tissue (Elchebly et al., 1999; Wu et al., 2005; Zinker et al., 2002) 

and brain (Bence et al., 2006), the functions of PTP-1B in regulating insulin signaling in the 

vasculature have not been well investigated. We previously reported that Ang II blunted the 

insulin-induced tyrosine phosphorylation of IRβ in VSMC (Marrero et al., 2004). Taken 

together with current studies, we propose that PTP-1B is involved with inhibition of insulin 

signaling in VSMC through dephosphorylation of IRβ, similar to other insulin sensitive 

tissues.

Interestingly, Dube et al. reported that PTP-1B –deficient cells displayed a decrease in Ras/

MAPK activity and reduced proliferation, suggesting PTP-1B may be a positive regulator of 

Ras/MAPK (Dube et al., 2004). In addition, in vivo studies in an acute arterial injury model 

showed that PTP-1B mRNA expression was specifically up-regulated in proliferating and 

migrating SMC in response to vessel damage (Wright et al., 2000). Possibly, the up-

regulation of PTP-1B in turn increases the mitogenic activation through MAPK pathway. 

Since PTP-1B appears to be a negative regulator for insulin-induced IRS/PI3K/Akt but 

positively regulates MAPK, our present findings are consistent with this contention.

Our data also showed that the activation of PTP-1B by Ang II in VSMC is via a PKA/JAK2 

dependent mechanism. Consistent with this notion, PKA has been shown to be a positive 
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regulator of PTP-1B through serine phosphorylation hence increase its activity (Brautigan 

and Pinault, 1993; Tao et al., 2001). However, PKA –induced activation of PTP-1B in fat 

and skeletal muscle is cAMP-dependent (Tao et al., 2001). Even though we cannot rule out 

the possibility of cAMP dependent PKA-induced PTP-1B activation in our system, the 

activation of PKA by Ang II in VSMC has been reported to occur via a cAMP-independent 

mechanism (Dulin et al., 2001). Since cAMP is known to be a second messenger for 

vasodilators (Rashid et al., 2006) and inhibits VSMC growth (Zhuplatov et al., 2006), thus 

antagonizing the Ang II actions in VSMC, the PKA-dependent activation of PTP-1B by Ang 

II in VSMC most likely occur through a non-cAMP-dependent. An alternative method of 

PKA activation is through IκB phosphorylation. It has been suggested that activation of 

PKA by vasoactive peptides involves IκB degradation rather than being cAMP-dependent 

(Dulin et al., 2001). Furthermore, JAK2 can phosphorylate IκB (Digicaylioglu and Lipton, 

2001) which may subsequently increase PKA activity. Ang II-stimulated tyrosine 

phosphorylation and activation of JAK2 has been repeatedly reported by our group (Shaw et 

al., 2003a; Shaw et al., 2003b). Indeed, our results using AG-490 and H-89 suggest that Ang 

II-induced activation of PTP-1B can occur by this alternative mechanism. However, this 

hypothesis needs further investigation.

Previous studies have shown that the inhibitory effects of Ang II on insulin signaling occur 

through AT1R in various tissues such as skeletal muscle (Horiuchi et al., 2006), 

endothelium (Cooper et al., 2007) and VSMC (Cooper et al., 2007; Igarashi et al., 2007). 

Although we did not directly test that in these studies, our data here suggest that the 

induction of PTP-1B activity by Ang II in our system may depend upon the activation of 

AT1R. This notion is supported by our observations that Ang II-induced PKA activation 

was sensitive to JAK2 inhibition, suggesting JAK2 may be a crucial component of Ang II-

induced activation of PTP-1B in VSMC. As our group repeatedly demonstrated that the 

activation of JAK2 by Ang II occurs via AT1R (Shaw et al., 2003a; Shaw et al., 2003b) in 

VSMC, we speculate that Ang II signaling through AT1R results in an increased PTP-1B 

activity and further causes insulin resistance at least at cellular levels. In addition to AT1R, 

other RAS (renin-angiotensin system) components have been shown to be involved with 

insulin signaling. For example, AT2R null mice exhibited a smaller insulin-induced glucose 

uptake in adipose tissues compared to control groups (Horiuchi et al., 2006), suggesting the 

function of AT2R in promoting activation of insulin signaling. In contrast, Igarachi et al. 

have demonstrated that inhibition of AT1R restores insulin resistance induced by Ang II in 

VSMC derived from both normal and diabetics rat while PD123319, an AT2R antagonist 

had no effect (Igarashi et al., 2007). Additionally, the expression of AT2R is extremely low 

in adult smooth muscle cells (Ichiki et al., 1996). Therefore, it is likely that the contribution 

of AT2R in our system is minimal. In conclusion (Figure 6), our findings led us to conclude 

that Ang II-modulated insulin signaling pathways in VSMC by activation of PTP-1B. 

PTP-1B impairs insulin-induced activation of IRS-1/PI3K/Akt pathway while enhances 

insulin-induced activation of MAPK pathway in VSMC. Imbalance of insulin signaling in 

VSMC could contribute to vascular complications in type 2 diabetes. More functional 

studies are needed to be done to test whether or not this mechanism can lead to vascular 

diseases in vivo. We also observed that Ang II-induced activation of PTP-1B in VSMC 

occurs via a PKA/JAK2-dependent mechanism. Our data emphasized the significant 
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information of the crosstalk between cytokine and insulin signaling in development of 

vascular insulin resistance.
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Figure 1. 
Ang II (100 nM) altered the anti-mitogenic pathways of insulin. Phosphorylation of tyrosine 

608 of IRS-1 (A), serine 307 IRS-1 (B), serine 612 IRS-1 (C) and serine 473 Akt (D). 

Representative blots are shown and the results represent the mean ± SEM of 3–6 

independent experiments. # p<0.05 vs. control, * p<0.05 vs. insulin alone.
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Figure 2. 
Ang II (1 nM) enhanced insulin-induced activation of mitogenic pathway. Representative 

blots are shown and the results represent the mean ± SEM of 3–5 independent experiments. 

* p<0.05 vs. insulin alone. # p<0.05 compared to Ang II alone.
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Figure 3. 
PTP-1B antisense inhibited the effects of Ang II on insulin signaling. PTP-1B expression 

was attenuated by PTP-1B antisense after 6 hours of transfection (A). Ang II failed to inhibit 

tyrosine phosphorylation of IRS-1(B) and activity of Akt - induced by insulin after VSMC 

was transfected with PTP-1B antisense (C) * p<0.05 vs. Ang II+insulin, Ang II+insulin

+PTP-1B sense. PTP-1B antisense blocked the combined effect of insulin and Ang II on 

DNA synthesis (D) #p<0.05 vs. control group without Ang II, *p<0.05 vs. Ang II 

alone, &p<0.05 vs. Ang II+insulin+PTP-1B antisense. Representative blots are shown and 

the results represent the mean ± SEM of 5 independent experiments.
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Figure 4. 
Ang II-induced PTP-1B activation in VSMC was a PKA dependent mechanism. Only H-89 

inhibited serine phosphorylation of PTP-1B (A). Representative blots are shown from 5 

independent experiments. Ang II-induced PTP-1B activation was significantly attenuated by 

H-89 and Sodium Vanadate (B). *p<0.05 compared to Ang II alone (control) (n=5).
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Figure 5. 
Effects of various inhibitors on the Ang II-induced activation of PKA in VSMC. AG-490 

markedly inhibited the Ang II-induced PKA activity. #p<0.05 vs. control, *p<0.01 vs. Ang 

II alone (n=5).
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Figure 6. 
Proposed signaling mechanisms of Ang II-induced activation of PTP-1B in VSMC leading 

to VSMC insulin resistance. (PKAc = catalytic subunit of PKA)
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