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ANGIOTENSIN II (Ang II) seems to be involved in

the pathogenesis of both hypertension and insulin re-

sistance, though few studies have examined the direct

relationship between the two.  Crosstalk between insu-

lin and Ang II signaling has received great attention,

since hypertension and insulin resistance often coexist

and are leading risk factors for cardiovascular disease.

Recent studies have suggested that Ang II might

negatively modulate insulin-mediated actions by regu-

lating multiple levels of the insulin signaling cascade

such as the insulin receptor, IRS and PI3K [1, 2].  The

major cardiovascular actions of Ang II have been

reported to be mediated by a seven transmembrane-

spanning, G-protein-coupled receptor (GPCR) which

is termed the AT
1
 receptor, and a second receptor sub-

type known as AT
2
 receptor.  Based on the restricted

expression of AT
2
 receptor in fetal tissues as well as in

disease states such as myocardial infarction and vas-

cular injury, this receptor is thought to be involved in

growth, development and/or differentiation, while both

AT
1
 and AT

2
 receptor belong to the seven-transmem-

brane, GPCR family and share 32% primary sequence

homology [3].  Evidence has revealed that the func-

tions of the AT
1
 and AT

2
 receptors are mutually antag-

onistic.  The effect of AT
1
 receptor blockers (ARB)

may not be entirely due to blockade of the AT
1
 recep-

tor.  When the AT
1
 receptor is blocked and unbound

Ang II can act on the AT
2
 receptor, stimulation of the

AT
2
 receptor might be involved in the effects of ARB.

However, the detailed mechanism of direct cross-talk

of insulin and Ang II-mediated signaling via the AT
1

and AT
2
 receptor subtypes in glucose metabolism and

vascular remodeling is still unclear.  Here, we re-

viewed the potential crosstalk of Ang II receptor

subtypes and insulin especially focusing on glucose

metabolism.

Insulin sensitivity and angiotensin II

Recent large clinical trials revealed that new-onset

diabetes arose in significantly fewer hypertensive pa-

tients on an ARB, valsartan, than in those on calcium

channel blocker [4].  Moreover it has been reported

that treatment with an ARB, losartan, was associated

with less peripheral vascular hypertrophy/rarefaction

and higher insulin sensitivity in hypertensive patients

with a lower incidence of new-onset diabetes com-

pared to those on �-blocker [5].  In animal studies, the

insulin sensitivity of fructose-fed rats has been report-

ed to be improved by treatment with an ARB, due to

changes in muscle fiber composition and a decrease

in TNF-� expression in skeletal muscle [6].  An ARB

has been reported to improve glucose tolerance in the

obese Zucker rat, at least in part through enhancement

of skeletal muscle glucose transport, with an increase

in GLUT4 protein expression [7].  These results sug-

gest that Ang II might regulate insulin sensitivity at

multiple sites in various diabetic animal models.

However, it remains unclear whether Ang II has a

direct effect on the insulin-mediated pathway of glu-

cose metabolism in addition to changes in local blood

flow in insulin-sensitive organs such as skeletal mus-

Correspondence to: Masatsugu HORIUCHI, M.D., Ph.D., De-

partment of Molecular and Cellular Biology, Division of Medical

Biochemistry and Cardiovascular Biology, Ehime University

School of Medicine, Shitsukawa, Tohon, Ehime 791-0295, Japan



HORIUCHI et al.2

cle.  Change in blood flow is one important factor in

insulin-mediated glucose uptake in peripheral tissues.

Ogihara et al. [8] reported that chronic Ang II infusion

decreased insulin-induced glucose uptake in rat soleus

muscle.  We demonstrated that Ang II infusion de-

creased insulin sensitivity in diabetic and non-diabetic

mice, and administration of a non-hypotensive dose of

valsartan increased insulin sensitivity in diabetic KK-

Ay mice [9].  Opposite evidence, that Ang II increases

insulin sensitivity, has also been reported in humans.

This potential discrepancy could be due to different

experimental procedures and/or species difference, and

additional appropriately designed studies are required.

Crosstalk between angiotensin II and insulin signaling

Stimulation of the insulin receptor induces a rapid

tyrosine autophosphorylation that both activates the re-

ceptor kinase and allows transient interaction with in-

tracellular protein substrates including insulin receptor

substrate (IRS)-1 and IRS-2 via their phosphotyrosine

binding, allowing tyrosine phosphorylation of IRS-1

and IRS-2, which induces their binding to SH-2-

containing molecules, including phosphatidylinositol

3-kinase (PI 3K), etc.  The interaction between the IRS

and PI 3-K occurs through the p85 regulatory subunit

of PI3K, resulting in an increase in catalytic activity of

PI 3-K, thereby enhancing GLUT4 translocation.  Folli

et al. [2] demonstrated in cultured vascular smooth

muscle cells (VSMC) that Ang II increases serine

phosphorylation of the insulin receptor, inhibits insulin-

stimulated tyrosine phosphorylation of IRS-1, in-

creases IRS-1 serine phosphorylation, and inhibits

insulin-stimulated docking between IRS-1 and PI 3-K,

and that Ang II increases serine phosphorylation of

p85 and decreases the intrinsic PI 3-K activity.  We ex-

amined in vivo the possibility that an ARB enhances

the effects of insulin on glucose metabolism by activat-

ing the insulin signaling cascade, thereby increasing

insulin sensitivity in KK-Ay mice as a model of type 2

diabetes [9].  Treatment of KK-Ay mice with ARB,

valsartan, significantly increased insulin-mediated 2-

[3H]deoxy-D-glucose (2-[3H]DG) uptake into skeletal

muscle, and attenuated the increase in plasma glucose

concentration after a glucose load, and plasma con-

centrations of glucose and insulin.  Moreover, we

observed that valsartan treatment exaggerated the

insulin-induced tyrosine phosphorylation of IRS-1, the

association of IRS-1 with p85, PI 3-K activity, and

translocation of GLUT4 to the plasma membrane

(Fig. 1).  To examine the role of the AT
2
 receptor in

the regulation of insulin-mediated glucose uptake, we

employed AT
2
 receptor null (Agtr2-) mice.  No appar-

ent difference in insulin-mediated 2-[3H]DG uptake

into skeletal muscle was observed between strains,

whereas insulin-induced 2-[3H]DG uptake in white

adipose tissues in Agtr2- mice was significantly lower

than that of wild-type mice.  Consistent with these re-

sults, we observed AT
1
 receptor expression in the sole-

us skeletal muscle by immunohistochemical staining,

whereas AT
2
 expression in skeletal muscle was very

low.

It has been indicated that reactive oxygen species

play a pivotal role in the development of insulin resis-

tance, and that Ang II is involved in the regulation of

reactive oxygen species production.  Furthermore, re-

cent evidence suggested that an increase in oxidative

stress is involved in the effects of Ang II on pressor

response, vascular injury and insulin resistance.  Super-

oxide anion production specifically increases in the endo-

thelium of aortic tissue in chronic hyperinsulinemic

rats through activation of NAD(P)H oxidase [10].  We

observed that superoxide production was greater in

soleus muscle of KK-Ay mice compared with that in

C57BL/6J mice, and observed that administration of

valsartan significantly decreased superoxide production

[9].  Ogihara et al. [8] reported that Ang II-induced

insulin resistance in the rat cannot be attributed to

impairment of early insulin-signaling steps, and that

increased oxidative stress, possibly through impaired

insulin signaling located downstream from PI 3-K

activation, is involved in Ang II-induced insulin re-

sistance.  Moreover, an increase in GLUT4 protein

expression in the skeletal muscle and heart of obese

Fig. 1. Stimulation of AT
1
 or AT

2
 receptor modulates insulin-

mediated GLUT translocation to the plasma membrane.
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Zucker rats by an ARB [7] has also been reported.

These results suggest that Ang II might regulate insu-

lin sensitivity at multiple sites.

It is known that TNF-� inhibits insulin signaling

linked to GLUT translocation to the plasma membrane

[11], and activation of the renin-angiotensin system is

thought to upregulate skeletal muscle tumor necrosis

factor-� (TNF-�) [6], suggesting that inhibition of lo-

cal production of TNF-� in skeletal muscle contributes

at least partly to enhancement of insulin sensitivity by

ARB.  We demonstrated that the expression of TNF-�

was upregulated in the injured artery in wild-type mice

and was further enhanced in Agtr2- mice [12], suggest-

ing possible antagonistic effects of the AT
1
 and AT

2

receptors on TNF-� expression in skeletal muscle and

adipose tissue, although future analysis in these tissues

has to be waited.

Renin-angiotensin system in adipose tissues

Obesity is a major risk factor for the development

of hypertension and is further complicated by the

concomitant presence of dyslipidemia and insulin re-

sistance [13].  Adipose tissue is another target organ

influencing glucose metabolism, and both AT
1
 and

AT
2
 receptors are expressed in adipocytes.  We dem-

onstrated that valsartan increases insulin-induced 2-

[3H]DG uptake in brown and white adipose tissue,

whereas insulin-induced 2-[3H]DG uptake in white

adipose tissue in Agtr2- mice was significantly lower

[9], suggesting that AT
1
 and AT

2
 receptor stimulation

are mutually antagonistic in glucose uptake in adipose

tissue.  Moreover, we could speculate that AT
1
 recep-

tor stimulation seems to increase adipose cell size,

whereas stimulation of the AT
2
 receptor induces pre-

adipocyte differentiation.  Adipose tissue in obesity

and type 2 diabetes tends to be abnormally hyper-

trophied, and secretes Ang II and several cytokines,

producing insulin resistance and hypertension [14].  It

has been demonstrated that angiotensinogen produced

by adipose tissue plays a role in both local adipose tis-

sue development and in the endocrine system, which

supports a role of adipose angiotensinogen in hyper-

tensive obese patients [15].  The roles of the AT
1
 and

AT
2
 receptor subtypes in adipose tissue are still an

enigma and need to be investigated for further under-

standing the pathogenesis of metabolic syndrome.

There is now evidence that the pancreas may con-

tain an in situ active renin-angiotensin system, which

appears to be upregulated in an animal model of type 2

diabetes.  Thus, angiotensin converting enzyme (ACE)

inhibitors and ARB may act by attenuating the delete-

rious effect of Ang II on vasoconstriction, fibrosis,

inflammation, apoptosis and beta-cell death in the

pancreas, thereby protecting a critical beta-cell mass

essential for insulin production [16].

Vascular remodeling insulin resistant state

Alterations in insulin’s action in the vasculature,

mediated via both the insulin and IGF-1 receptors,

have been proposed to contribute to vascular remodel-

ing and atherosclerosis, although the pathways of in-

sulin signaling in vascular cells are not well known.

The growth-promoting effect of insulin may be the

most important factor in increased cardiovascular risk.

It has been demonstrated that insulin activates vascular

angiotensinogen and Ang II production, and upregu-

lates AT
1
 receptor expression [17].  Ang II and IGF

have been shown to exert synergistic growth-promot-

ing effects on VSMC [18].  One of the earliest events

triggered by AT
1
 receptor stimulation is activation of

c-Src, which has been shown to participate in the PLC�

and Ras/MAPK signaling pathways.  In VSMC, AT
1

receptor stimulation activates the EGF receptor, and in

turn activates the ERK pathway.  It could be possible

that insulin receptor stimulation acts in concert with

AT
1
 receptor-mediated growth-promoting ERK signals

(Fig. 2).

AT
2
 receptor stimulation inhibits AT

1
 receptor- or

receptor tyrosine kinase (RTK)-mediated MAPK via

Fig. 2. Stimulation of AT
1
 or AT

2
 receptor regulates vascular

remodeling and atherosclerosis in concert with insulin

receptor signaling in insulin-resistant state.
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activation of a series of phosphatases including the

protein tyrosine phosphatase, SHP-1, MKP-1, and the

serine/threonine phosphatase 2A (PP2A) [3] and at-

tenuates AT
1
 receptor-mediated vascular remodeling

and atherosclerosis formation at least partly due to its

anti-inflammatory effect and inhibition of oxidative

stress [12, 19, 20].  These results suggest complex

interaction between the Ang II receptor subtypes and

RTK signaling.  A recent report has shown that AT
2

receptor stimulation inhibits ERK activation and cell

proliferation induced by insulin, through impairing

insulin-induced autophosphorylation of the insulin re-

ceptor � subunit and phosphorylation of IRS-1 [21].

We demonstrated that AT
2
 receptor activation inhibits

the insulin-mediated IRS-2-associated PI 3-K activa-

tion, Akt phosphorylation and anti-apoptotic effect in

PC12W cells, and that stimulation of the AT
2
 receptor

attenuates insulin-induced p85� phosphorylation, via

recruitment of SHP-1 to the complex of IRS-2 and PI

3-K [22].  These results suggest that AT
2
 receptor

stimulation negatively modulates the growth promot-

ing signaling of insulin.

Scherrer et al. [23] reported that insulin’s vasodila-

tor effects are mediated by stimulation of NO release,

and that abnormalities in insulin-induced NO release

could contribute to altered vascular function and hy-

pertension in insulin-resistant states.  It is known that

AT
2
 receptor stimulation in VSMC induces the pro-

duction of bradykinin, which stimulates the NO/cGMP

system to promote vasodilatation [24].  It could be

possible that AT
2
 receptor-mediated NO production

contributes in part to ARB’s vasoprotective effects.

Taken together, these results suggest that stimulation

of the AT
1
 and AT

2
 could exert antagonistic effects on

insulin sensitivity, glucose metabolism and moreover

modulate vascular remodeling (Fig. 2) in concert with

insulin.

Summary

Insulin-resistant states are often associated with

hypertension, and the accumulated data indicate that

ARB decrease new-onset of diabetes with vasoprotec-

tive effects.  Recent evidence suggests that activation

of Ang II receptor subtypes could regulate insulin sen-

sitivity at multiple sites of insulin signaling in various

diabetic animal models and regulate vascular remodel-

ing in concert with insulin in potentially distinct fash-

ions.  Moreover, the roles of Ang II receptor subtypes

have been highlighted in insulin resistance in obesity,

which is one of the major risk factors for the develop-

ment of hypertension.  More detailed analysis of the

crosstalk of Ang II and insulin-mediated signaling in

various tissues would provide further information to

understand the clinical relevance of the effect of ARB

on insulin resistance, thereby preventing cardiovascu-

lar events associated with insulin resistance.
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