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Abstract

Essential hypertension is frequently associated with insulin resistance of skeletal muscle glucose transport, and angiotensin II (ANGII) can

contribute to the pathogenesis of both conditions. The male heterozygous TG(mREN2)27 rat (TGR) harbors the mouse transgene for renin,

exhibits local tissue elevations in ANGII and is an excellent model of both hypertension and insulin resistance associated with defective insulin

signaling. The present study was designed to assess the specific role of ANGII in the insulin resistance of the male heterozygous TGR. TGRs

were treated with either vehicle or the ANGII (AT1-specific) receptor antagonist, irbesartan (50 mg/kg body weight), for 21 consecutive days.

Compared with vehicle-treated TGRs, whole-body insulin sensitivity was increased 35% (P b .05) in the irbesartan-treated group, and insulin-

mediated glucose transport was increased (P b .05) in both type IIb epitrochlearis (80%) and type I soleus (59%) muscles after irbesartan

treatment. Moreover, glycogen synthase activation due to insulin was increased 58% (P b .05) in the soleus of the irbesartan-treated TGRs.

However, no significant improvements were observed for functionality of insulin-signaling elements (tyrosine phosphorylation of insulin

receptor and insulin receptor substrate 1 [IRS1], IRS1 associated with the p85 regulatory subunit of phosphatidylinositol 3V-kinase, and Ser473
of Akt) in muscle of irbesartan-treated animals, except for a 25% increase (P b .05) in IRS1 tyrosine phosphorylation in soleus. Collectively,

these data indicate that the improvements in whole-body and skeletal muscle insulin action after long-term antagonism of ANGII action in

TGRs occur independently of modulation of the functionality of these insulin-signaling elements.

D 2005 Elsevier Inc. All rights reserved.
1. Introduction

The insulin resistance syndrome is a condition charac-

terized by insulin resistance of skeletal muscle glucose

metabolism and is often accompanied by additional meta-

bolic and cardiovascular abnormalities, including glucose

intolerance, hyperinsulinemia, essential hypertension, dysli-

pidemia, and central obesity [1]. Increased cardiovascular

mortality associated with this condition has been directly

attributed to the insulin resistance and compensatory

hyperinsulinemia [2,3].

Angiotensin II (ANGII), a component of the renin-

angiotensin system (RAS), is known to modify blood

pressure homeostasis as well as vascular structure and

function. It is well established that ANGII contributes to the

pathogenesis of hypertension and is an appropriate target for
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pharmacologic blockade [4]. In addition, elevations in

ANGII are associated with the development of insulin

resistance of skeletal muscle glucose transport [5,6]. Short-

or long-term infusion of ANGII has been shown to cause

insulin resistance of skeletal muscle glucose disposal that

could not be explained by hemodynamic influences, and it

was concluded that ANGII directly affects the muscle

glucose transport system [5,6]. Moreover, long-term admin-

istration of ANGII receptor antagonists to insulin-resistant

obese Zucker rats [7], fructose-fed rats [8,9], or spontane-

ously hypertensive rats [10] improves whole-body insulin

sensitivity, possibly because of the amelioration of skeletal

muscle insulin resistance [7].

The TG(mREN2)27 rat (TGR) harbors the mouse Ren-2

renin gene [11] and provides an excellent monogenetic

model of both hypertension and insulin resistance. The TGR

displays severe hypertension, left ventricular hypertrophy,

and cardiac failure of clearly defined monogenetic origin

[12-15]. Increases in the local RAS, as demonstrated by
perimental 54 (2005) 1659–1668



J.A. Sloniger et al. / Metabolism Clinical and Experimental 54 (2005) 1659–16681660
elevated tissue ANGII levels [13,16-18], likely contribute to

the hypertension exhibited by this transgenic animal. In

addition, the male heterozygous TGR is also insulin-

resistant at the whole-body [19-22] and skeletal muscle

levels [20-22], associated with defects in several critical

elements of the insulin-signaling cascade, including tyrosine

phosphorylation of insulin receptor (IR) and insulin receptor

substrate 1 (IRS1), IRS1 associated with the p85 subunit of

phosphatidylinositol 3V-kinase (PI3K), and serine phos-

phorylation of Akt and glycogen synthase kinase 3b [21]. It

has recently been reported that long-term administration of

the ANGII receptor antagonist valsartan to the TGR

improved whole-body and skeletal muscle insulin action

[22]. However, the specific role of ANGII in the pathogen-

esis of the defects in skeletal muscle insulin signaling in the

TGR is presently unclear.

In this context, the overall purpose of the present

investigation was to assess the specific role of ANGII in

the pathogenesis of insulin resistance in the hypertensive

male heterozygous TGR. By treating these hypertensive and

insulin-resistant animals (21 days) with an AT1-selective

ANGII receptor antagonist on a long-term basis (irbesartan,

50 mg/kg body weight), we tested the following hypotheses:

(1) ANGII receptor antagonism will enhance whole-body

glucose tolerance and skeletal muscle insulin action on

glucose transport and glycogen synthase activity in the

insulin-resistant TGR; (2) the ANGII receptor antagonist–

induced increases in skeletal muscle glucose transport and

glycogen synthase will be associated with improved

functionality of critical elements of the insulin-signaling

cascade, including IR, IRS1, PI3K, and Akt.
2. Materials and methods

2.1. Animals and treatments

Male heterozygous TGRs were obtained from the

Hypertension and Vascular Disease Center of Bowman Gray

School of Medicine at Wake Forest University (Winston-

Salem, NC) at approximately 5 to 6 weeks of age. TGRs

were randomly assigned to groups receiving either a vehicle
Table 1

Body weights, heart weights, fasting plasma variables, and resting SBPs and hea

Group Body

weight (g)

Heart

weight (g)

H

(g

TGV 313 F 9 1.28 F 0.05 0

TGI 301 F 8 0.93 F 0.03T 0

Group Glucose

(mg/dL)

Insulin

(lU/mL)

F

(m

TGV 113 F 5 25.9 F 5.0 0

TGI 105 F 3 24.6 F 1.7 0

Values are meansF SE for 4 to 10 animals per group, except for SBP and heart rate,

irbesartan-treated.

T P b .05, TGI vs TGV.
(water) or irbesartan (50 mg/kg body weight) (Bristol-

Meyers Squibb, Princeton, NJ) by gavage for 21 consecutive

days, as done previously in obese Zucker rats [7]. All

animals were housed in a temperature-controlled room

(20 8C-22 8C) with a 12:12-h light-dark cycle (lights on

from 7:00 am to 7:00 pm) at the Central Animal Facility of

the University of Arizona. The animals had free access to

rodent chow (Ralston Purina 5001, St. Louis, MO; sodium

content 0.4%) and water. All of the procedures were

approved by the University of Arizona Animal Care and

Use Committee.

2.2. Measurement of blood pressure

Resting systolic blood pressure (SBP) and heart rate were

measured after 16 days of treatment using a tail-cuff

plethysmography system (NIBP-8 Non-invasive Blood

Pressure Monitor, Columbus Instruments, Columbus, OH).

Animals were acclimated to the tail-cuff plethysmography

apparatus for at least 1 week by daily placement of the

animal in a holding tube and placement of the pressure cuff

at the base of the animal’s tail.

2.3. Oral glucose tolerance tests

After 18 days, animals were food-restricted (4 g of

chow given at 5:00 pm) the evening before the oral

glucose tolerance test (OGTT). At 8 am, approximately

12 to 15 hours after the most recent treatment, animals

underwent the OGTT using a 1-g/kg body weight glucose

feeding by gavage. Blood (0.25 mL) was collected from

the tip of the tail immediately before and 15, 30, 60, and

120 minutes after administration of the glucose. Whole

blood was mixed thoroughly with EDTA (18 mmol/L final

concentration) and centrifuged at 13000 g to isolate the

plasma. Plasma was stored at �80 8C and subsequently

assayed for glucose (Sigma, St. Louis, MO), insulin

(Linco Research, St. Charles, MO), and free fatty acids

(FFAs) (Wako, Richmond, VA). Immediately after com-

pletion of the OGTT, animals received a 2.5-mL subcu-

taneous injection of 0.9% sterile saline to compensate

for plasma loss. Treatments resumed that afternoon for

3 further days.
rt rates in TGV and TGI TGRs

eart weight

/100 g body weight)

SBP

(mm Hg)

Heart rate

(beats/min)

.407 F 0.012 203 F 4 446 F 14

.309 F 0.002T 151 F 3T 437 F 11

FA

mol/L)

.87 F 0.08

.95 F 0.06

which are derived from 13 to 20 animals. TGV indicates vehicle-treated; TGI,
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2.4. In vitro skeletal muscle glucose transport activity

Seventy-two hours after the OGTT, the animals were

again food-restricted as described above. At 8 am,

approximately 12 to 15 hours after the final vehicle or

irbesartan treatment, the animals were weighed and deeply

anesthetized with an intraperitoneal injection of pentobar-

bital sodium (50 mg/kg body weight). Both soleus and

both epitrochlearis muscles were dissected and prepared

for in vitro incubation. Whereas the epitrochlearis muscles

were incubated intact, the 2 soleus muscles were divided

into 3 strips each. Four of the soleus strips (~30 mg) were

incubated, whereas the other 2 were quickly frozen in

liquid nitrogen for later use in biochemical assays. Glucose

transport activity, assessed as 2-deoxyglucose (2-DG)

uptake, was determined in the absence or presence of

insulin (2 mU/mL) exactly as described previously [23].

This method for assessing glucose transport activity in

isolated muscle has been validated [24,25].
Fig. 1. Top, Glucose and insulin responses to an OGTT in TGRs treated with eit

IAUCs for glucose and insulin and the glucose-insulin index. The glucose-insulin

IAUC for each animal. Values are means F SE for 8 to 10 animals per group. *
2.5. Glycogen synthase activity and biochemical assays

Glycogen synthase activity was assessed as the activity

ratio (activity in the absence of glucose-6-phosphate divided

by the activity in the presence of 5 mmol/L glucose-6-

phosphate) using the filter paper assay of Thomas et al [26],

as modified by Henriksen et al [27]. Remaining pieces

(~15 mg) of epitrochlearis and soleus muscle were

homogenized in 30 volumes of ice-cold 20 mmol/L HEPES

(pH 7.4) containing 1 mmol/L EDTA and 250 mmol/L

sucrose. These homogenates were used for the determina-

tion of total protein content using the bicinchoninic acid

method (Sigma), GLUT-4 protein level [23], total hexoki-

nase activity [28], and citrate synthase activity [29].

2.6. Assessment of insulin signaling

Assessment of the functionality and protein expression of

insulin-signaling elements was done as described by

Sloniger et al [21]. The remaining pieces of muscles were
her vehicle (TGV) or 50 mg/kg irbesartan (TGI) for 21 days. Bottom, The

index was calculated as the product of the glucose IAUC and the insulin

P b .05, TGI vs TGV.



Fig. 2. Glucose transport activity in epitrochlearis and soleus muscles of TGRs treated with either vehicle (TGV) or 50 mg/kg irbesartan (TGI) for 21 days.

2-DG uptake was assessed in the absence (�) or presence (+) of insulin (2 mU/mL). The increase above basal rate due to insulin for 2-DG uptake is also

presented (D). Values are means F SE for 4 to 7 animals per group. *P b .05, TGI vs TGV.
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homogenized in 8 volumes of ice-cold lysis buffer

(50 mmol/L HEPES, 150 mmol/L NaCl, 20 mmol/L Na

pyrophosphate, 20 mmol/L b-glycerophosphate, 10 mmol/L

NaF, 2 mmol/L Na3VO4, 2 mmol/L EDTA, 1% Triton

X-100, 10% glycerol, 1 mmol/L MgCl2, 1 mmol/L CaCl2,

10 lg/mL aprotinin, 10 lg/mL leupeptin, 0.5 lg/mL

pepstatin, and 2 mmol/L phenylmethanesulfonyl fluoride

[PMSF]). Homogenates were incubated on ice for

20 minutes and then centrifuged at 13000g for 20 minutes

at 4 8C. Protein concentration was determined using the

bicinchoninic acid method (Sigma). Insulin-signaling pro-
Fig. 3. Glycogen synthase activity in epitrochlearis and soleus muscles of TGRs t

The glycogen synthase activity ratio (activity in the absence of glucose-6-phospha

was assessed in the absence (�) or in the presence (+) of insulin (2 mU/mL). The

Values are means F SE for 5 animals per group. *P b .05, TGI vs TGV.
teins were separated by sodium dodecyl sulfate–polyacryl-

amide gel electrophoresis on 7.5% or 12% polyacrylamide

gels (Bio-Rad Laboratories, Hercules, CA) and transferred

to nitrocellulose membranes. To determine protein expres-

sion of insulin-signaling factors, the blots were incubated

with the appropriate dilution of commercially available

antibodies against IR b-subunit (IR-b), IRS1, the p85

regulatory subunit of PI3K, and Akt1/2 (Cell Signaling

Technology, Beverly, MA).

Muscle incubated in the absence or presence of insulin

was used for evaluation of Akt serine phosphorylation.
reated with either vehicle (TGV) or 50 mg/kg irbesartan (TGI) for 21 days.

te divided by the activity in the presence of 5 mmol/L glucose-6-phosphate)

increase above basal due to insulin for 2-DG uptake is also presented (D).



Fig. 4. Tyrosine phosphorylation of IR in epitrochlearis and soleus muscles of TGRs treated with either vehicle (TGV) or 50 mg/kg irbesartan (TGI) for 21 days.

IR tyrosine phosphorylation was assessed in the absence (�) and in the presence (+) of insulin (2 mU/mL). Representative bands are shown. Values are F SE

for 4 to 5 animals per group.
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Blots were incubated with antibodies against Akt-Ser473

(Cell Signaling Technology). Membranes were then incu-

bated with secondary goat antirabbit antibody conjugated

with HRP (Chemicon, Temecula, CA). The proteins were

visualized on Kodak X-Omat AR film (Kodak, Rochester,

NY) using an enhanced chemiluminescence detection
Fig. 5. Tyrosine phosphorylation of IRS1 in epitrochlearis and soleus muscles of

21 days. IRS1 tyrosine phosphorylation was assessed in the absence (�) and in the

are F SE for 4 to 5 animals per group. *P b .05, TGI vs TGV.
system (Amersham Pharmacia, Piscataway, NJ). Band

intensities on the autoradiographs were quantified using an

imaging densitometer (Bio-Rad Model GS-800) and Quan-

tity One software.

For measurement of tyrosine-phosphorylated IR-b
(IR/pY) and IRS1 (IRS1/pY) and for IRS1-associated p85
TGRs treated with either vehicle (TGV) or 50 mg/kg irbesartan (TGI) for

presence (+) of insulin (2 mU/mL). Representative bands are shown. Values
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(IRS1/p85), immunoprecipitations and subsequent immuno-

blotting were performed. Muscle pieces were homogenized

in 1 mL of ice-cold lysis buffer, and protein concentration

was determined. Samples were diluted to 2 mg/mL (IR/pY

and IRS1/pY) or 3 mg/mL (IRS1/p85). For the assessment of

IR/pY, 0.5 mL of diluted homogenate was immunoprecipi-

tated with 15 lL of recombinant agarose-conjugated

antiphosphotyrosine antibody (4G10, Upstate Biotechnolo-

gy, Lake Placid, NY). For analysis of IRS1/pY and IRS1/

p85, 0.5 mL of diluted homogenate was immunoprecipitated

with 25 lL of agarose-conjugated anti–IRS1 antibody

(Upstate Biotechnology). After an overnight incubation at

4 8C, samples were centrifuged and the supernatant was

removed. The beads were washed 3 times with ice-cold

phosphate-buffered saline, mixed with sodium dodecyl

sulfate sample buffer, and boiled for 5 minutes. Proteins

were separated by sodium dodecyl sulfate–polyacrylamide

gel electrophoresis on 7.5% polyacrylamide gels (Bio-Rad

Laboratories) and transferred to nitrocellulose membranes.

Immunoblotting for the detection of IR/pY and IRS1/p85

was completed as described above for the detection of

protein expression of IR-b and p85. For the analysis of IRS1/

pY, the nitrocellulose membrane was incubated in antiphos-

photyrosine antibody (PY99, Santa Cruz Biotechnology,

Santa Cruz, CA). Thereafter, the membranes were incubated

with secondary goat antimouse antibody conjugated with

HRP (Santa Cruz Biotechnology). Protein bands of interest

were exposed, visualized, and quantified as described above.

2.7. Statistical analysis

All values are expressed as means F SE. Differences

between the 2 groups were determined using an unpaired
Fig. 6. IRS1 associated with the p85 regulatory subunit of PI3K in epitrochlearis

irbesartan (TGI) for 21 days. IRS1 associated with PI3K was assessed in the absen

are shown. Values are F SE for 4 to 5 animals per group.
Student t test. A level of P b .05 was set for statis-

tical significance.

3. Results

The final average body weights of the vehicle- and

irbesartan-treated TGRs were not different (Table 1). The

efficacy of the AT1-selective antagonism was evidenced

both by the significantly lower (P b .05) heart weight of

irbesartan-treated transgenic rats, expressed in either abso-

lute (27%) or relative terms (g/100 g body weight) (24%),

and by the markedly diminished (P b .05) resting SBP

(26%) in these animals. Resting heart rate and fasting

plasma glucose, insulin, and FFAwere not different between

groups (Table 1).

The results of the OGTT are shown in Fig. 1. Although

the glucose values at any given time point did not differ

significantly between the vehicle- and irbesartan-treated

TGR groups (Fig. 1, top left panel), the incremental area

under the curve (IAUC) for glucose was significantly lower

(19%, P b .05) in the irbesartan-treated group (Fig. 1, lower

left panel). The insulin response during the OGTT was

reduced in the irbesartan-treated TGRs, as evidenced by the

23% lower insulin value at the 15-minute time point (Fig. 1,

top right panel) and the 22% decrease in the insulin IAUC

due to the irbesartan treatment approached statistical

significance (P = .07) (Fig. 1, lower center panel). The

glucose-insulin index is defined as the product of glucose

IAUC and insulin IAUC and is inversely related to an

increase in whole-body peripheral insulin sensitivity [30].

The glucose-insulin index was 40% smaller (P b .05) in the

irbesartan-treated TGRs compared with the vehicle-treated

transgenic animals (Fig. 1, lower right panel).
and soleus muscles of TGRs treated with either vehicle (TGV) or 50 mg/kg

ce (�) and in the presence (+) of insulin (2 mU/mL). Representative bands



Fig. 7. Akt-Ser473 phosphorylation in epitrochlearis and soleus muscles of TGRs treated with either vehicle (TGV) or 50 mg/kg irbesartan (TGI) for 21 days.

Akt phosphorylation was assessed in the absence (�) and in the presence (+) of insulin (2 mU/mL). Representative bands are shown. Values are F SE for 4 to

5 animals per group.
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A cellular locus for this improved insulin sensitivity

after long-term treatment with the selective AT1 antagonist

was investigated by assessing insulin-stimulated glucose

transport activity in isolated skeletal muscle (Fig. 2). The

basal rate of 2-DG uptake was not affected by the

irbesartan treatment in the TGRs for either epitrochlearis

or soleus muscle. In contrast, the irbesartan treatment was

associated with significant increases in the insulin-

stimulated rate of 2-DG uptake in the epitrochlearis

(30%) and soleus (22%). Moreover, the increases in

2-DG uptake above basal rate due to insulin in muscles

of the irbesartan-treated TGR were 80% and 59%,

respectively. Finally, significant enhancements of glycogen

synthase activity due to insulin were observed in both

epitrochlearis (62%) and soleus (58%) muscles of the

TGRs treated with the AT1-selective antagonist (Fig. 3,

hatched bars). Total glycogen synthase activity, the whole

homogenate level of GLUT-4 protein, and the activities

of total hexokinase and citrate synthase were not altered

by the irbesartan treatment in either muscle type (data

not shown).

Irbesartan treatment of TGRs did not alter protein

expression of insulin-signaling elements in muscle, except

for a small (24%) decrease in IR-b in epitrochlearis (data

not shown). Likewise, long-term ANGII receptor antago-

nism in TGRs had little effect on the functionality of insulin-

signaling factors (Figs. 4-7). In the epitrochlearis, no

alterations due to irbesartan treatment for insulin action on

tyrosine phosphorylation of IR and IRS1 (Figs. 4 and 5),

IRS1 associated with PI3K (Fig. 6), or Ser473 phosphor-

ylation of Akt (Fig. 7) were observed. In the soleus of these

animals, only insulin-stimulated IRS1 tyrosine phosphory-
lation was significantly elevated (25%, P b .05) compared

with the vehicle-treated group.
4. Discussion

In the present investigation, we have made the finding

that long-term treatment of male heterozygous TGRs with

the selective ANGII (AT1 subtype) receptor antagonist

irbesartan leads to a significant enhancement of whole-body

insulin sensitivity, as assessed using an OGTT (Fig. 1). The

TGR is a monogenetic model of hypertension [11] caused

by local elevations in ANGII levels [13,16-18]. Treatment

with irbesartan was clearly effective in eliciting favorable

changes in resting SBP and heart weight (Table 1), in

agreement with previous studies using selective ANGII

receptor antagonists in this animal model [18,31]. These

data supporting a role of ANGII receptor antagonism as a

means of improving insulin sensitivity in the TGR are in

agreement with those of Blendea et al [22], who demon-

strated that long-term treatment of TGRs with the ANGII

receptor antagonist valsartan also improved whole-body and

skeletal muscle insulin sensitivity. Although a portion of this

improvement in whole-body insulin action is likely due to

the well-documented hemodynamic modifications elicited

by ANGII receptor antagonists (reviewed in References

[32-35]), we have also demonstrated that the irbesartan

treatment leads to an increase in insulin-stimulated glucose

transport activity in isolated skeletal muscle (Fig. 2), in

which any potential hemodynamic influences have been

eliminated. These results reinforce our previous finding that

long-term selective AT1 antagonism in the obese Zucker rat,

an obesity-associated model of marked insulin resistance, is
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associated with significant improvements of whole-body

and skeletal muscle insulin action [7].

We showed that long-term irbesartan treatment causes

small, but significant, improvements in insulin action on

glycogen synthase activity in isolated skeletal muscle of the

male heterozygous TGR (Fig. 3). We have previously

demonstrated that insulin action on glycogen synthase

activity is defective in muscle of these hypertensive animals,

possibly related to overactivity of the serine/threonine

kinase glycogen synthase kinase 3b [21]. Interestingly,

defects in insulin action on glycogen synthase activity are

also seen in skeletal muscle of both animal models of

obesity-associated insulin resistance and type 2 diabetes

[36] and in human type 2 diabetic subjects [37,38]. Our

results indicate that long-term ANGII receptor antagonism

can overcome at least part of the defect in glycogen synthase

activity that exists in the skeletal muscle of these insulin-

resistant hypertensive transgenic rats.

A critical novel finding in the present investigation is that

the irbesartan-mediated enhancement of insulin action on

skeletal muscle glucose transport activity and glycogen

synthase activity was elicited without clear-cut improve-

ments in insulin stimulation of critical elements of the

insulin-signaling cascade (Figs. 4-7). The only significant

improvement in insulin signaling was the 25% increase in

insulin-stimulated IRS1 tyrosine phosphorylation in soleus

muscle of the irbesartan-treated transgenic rats (Fig. 5). This

was not observed in the epitrochlearis muscle of these same

animals. Moreover, insulin action on the IR tyrosine

phosphorylation, IRS1 associated with the p85 subunit of

PI3K, and serine phosphorylation of Akt was likewise not

up-regulated in either soleus or epitrochlearis muscle after

long-term irbesartan treatment. These data support the

contention that the improvements in insulin-stimulated

glucose transport activity mediated by long-term selective

AT1 antagonism are likely due to some as yet unidentified

adaptive response distal to these insulin-signaling elements.

Our finding that improvements in skeletal muscle insulin

action on glucose transport mediated by AT1-selective

antagonism are not associated with up-regulation of insulin

signaling complement previous investigations on the role of

ANGII in modulation of insulin signaling and action in

rodent models. Short-term stimulation of heart tissue [39]

and cultured aortic smooth muscle cells [40] with ANGII

has been shown to induce tyrosine phosphorylation of IRS1

by JAK2 kinase (associated with the AT1 receptor), leading

to a reduction in insulin-stimulated activation of PI3K

associated with IRS1. These findings suggest that the

reduction in PI3K activity occurs via cross-talk between

ANGII and insulin-signaling pathways [39]. However,

Ogihara et al [6] have shown more recently that long-term

ANGII infusion into normal rats induces hypertension and

insulin resistance, but, in contrast to the findings of Folli et

al [40], insulin-stimulated tyrosine phosphorylation of IRS,

PI3K activation, and Akt serine phosphorylation were

actually significantly enhanced in muscle of the ANGII-
infused rats. Moreover, the insulin resistance induced by the

ANGII infusion in normal rats could be exacerbated by

high-salt loading [6], indicating a potential role of total

sodium load in the etiology of insulin resistance. The

differences in results among the present study, the study of

Ogihara et al [6], and the study of Velloso et al [39] may be

because of the different experimental models, different

tissues, or the differential effects of long- vs short-term

modulation of ANGII levels and action. Clearly, further

investigations are needed to more clearly assess the role and

mechanism of ANGII action in the induction of skeletal

muscle insulin resistance. The additional possibility that

irbesartan may have inhibited ANGII-mediated renal tubular

sodium reabsorption and aldosterone secretion, inducing a

reduction in total body sodium and potentially contributing

to improved whole-body and muscle insulin sensitivity,

warrants further study.

Oxidative stress caused by ANGII is a key feature of

ANGII-induced hypertension [41]. Recent evidence sug-

gests that insulin resistance, which often accompanies

ANGII-induced hypertension, is related to this ANGII-

associated oxidative stress [6,22]. Long-term ANGII infu-

sion into normal rats induced the accumulation of plasma

cholesterylester hydroperoxide levels, indicating increased

oxidative stress, and this alteration was normalized by

treatment with tempol, a membrane-permeable superoxide

dismutase mimetic [6]. The tempol treatment reduced

insulin resistance of glucose transport and diminished

insulin-stimulated PI3K activity in skeletal muscle of

ANGII-infused rats. Moreover, it has recently been reported

that treatment of TGRs with tempol leads to amelioration of

the insulin-resistant state of these animals [22]. Collectively,

these findings suggest that the mechanism underlying

ANGII-induced insulin resistance involves oxidative stress,

which may impair insulin signaling at a point distal to PI3K

activation. In contrast, we have observed no improvement of

whole-body insulin sensitivity and minimal alterations in

skeletal muscle glucose transport in TGRs treated on a long-

term basis with the antioxidant R-a-lipoic acid (JA Sloniger

and EJ Henriksen, unpublished data). Nevertheless, one

potential mechanism for the improvement in insulin-

stimulated muscle glucose transport after long-term treat-

ment of TGRs with a selective ANGII receptor antagonist is

a reduction in muscle oxidative stress, as shown by Blendea

et al [22]. In addition, recent evidence suggests that ANGII

receptor antagonists can activate peroxisome proliferator–

activated receptor g, the target for thiazolidinedione insulin

sensitizers [42].

The metabolic improvements seen in the irbesartan-

treated TGRs cannot be attributed to an up-regulation of

GLUT-4, as no change in skeletal muscle GLUT-4 protein

expression was seen after treatment. This negative finding

contrasts with the small, but significant, increase in skeletal

and cardiac muscle GLUT-4 previously reported in obese

Zucker rats treated with irbesartan [7]. It is possible that

skeletal muscle GLUT-4 biosynthesis may be, for unknown
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reasons, compromised in the TGR. Increases in skeletal

muscle GLUT-4 are absent or minimal in this transgenic

animal, even after a period of high-volume exercise training

[20], which normally induces large increases in this variable

in normotensive animal models [43].

In summary, the present investigation has demonstrated

that long-term treatment of hypertensive and insulin-

resistant male heterozygous TGRs with the selective

ANGII (AT1 subtype) receptor antagonist irbesartan causes

improvements in whole-body insulin sensitivity and

insulin-stimulated glucose transport and glycogen synthase

activity in skeletal muscle. However, these irbesartan-

induced improvements in insulin action on muscle glucose

transport in the TGR were elicited without general

increases in insulin action on critical elements of the

IRS1-dependent insulin-signaling cascade. It is likely that

the irbesartan-induced enhancement of insulin action on

muscle glucose transport in this transgenic model involves

an as yet unidentified adaptive response distal to Akt

serine phosphorylation.
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