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Abstract Exogenous insulin therapy improves endo-

thelial function in insulin resistant patients, indirectly

indicating that nitric oxide synthase activity and NO pro-

duction may be impaired. Insulin stimulates production of

NO by activating a signaling pathway including insulin

receptor substrate-1, phosphatidylinositol-3-kinase and

protein kinase B (PKB/Akt). Angiotensin II type I (AT1)

receptor-evoked oxidative stress is implicated in the inacti-

vation of NO, impairing endothelium-dependent vasodila-

tation. Blocking the actions of Angiotensin II with an AT1

receptor antagonist (Losartan), has beneficial effects in

patients with insulin resistance or type 2 diabetes mellitus.

This study investigated whether elevated Angiotensin II

influences myocardial insulin resistance, insulin signaling

and NO production in a rat model of diet-induced obesity

(DIO) by antagonizing the actions of the AT1 receptor with

Losartan. Isolated, perfused hearts, Western blotting and

flow-cytometric methods were utilized to determine myo-

cardial function, expression and phosphorylation of key

proteins and NO production, respectively. Results showed

that hearts from DIO rats are insulin resistant (higher serine

phosphorylation of IRS-1, lower insulin-stimulated phos-

phorylation of PKB/Akt and eNOS, lower NO production)

and had poorer functional recovery and larger infarct

development after ischaemia/reperfusion. Losartan

improved the impaired functional recovery, and NO pro-

duction and enhanced eNOS expression and phosphorylation

and reduced infarct size in hearts from the DIO animals. Data

obtained from Losartan treatment also revealed that Angio-

tensin II signaling modulates myocardial PKB/Akt expres-

sion. We conclude that Angiotensin II signaling exacerbates

inhibition of NO production in insulin resistance and that this

can be improved by AT1 antagonism.
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Introduction

According to the latest statistics supplied by the Interna-

tional Obesity Taskforce (www.web.winltd.com), there are

currently 58 million overweight people in the USA alone

with reported increases in both childhood obesity and the

diagnosis of type 2 diabetes mellitus. Obesity is a well-

recognized risk factor for the development of type 2 dia-

betes [1] and a good predictor of the metabolic syndrome

and coronary artery disease [2]. Insulin resistance and

diabetes-associated atherosclerosis are major clinical

problems and are thought to be preceded by early changes

or abnormalities in endothelial function [3]. There is

accumulating evidence that increased production of reac-

tive oxygen species (ROS) plays a major role in impaired

endothelium-dependent vasodilatation [4, 5]. Increased
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R. Salie � A. Lochner

Department of Biomedical Sciences, Division Medical

Physiology Faculty of Health Sciences, University of

Stellenbosch, P.O. Box 19063, Tygerberg, 7505 Bellville,

Republic of South Africa

e-mail: bh3@sun.ac.za

H. Strijdom

Department of Biomedical Sciences, Division Physiology,

Faculty of Health Sciences, University of Stellenbosch, P.O. Box

19063, Tygerberg, 7505 Bellville, Republic of South Africa

123

Mol Cell Biochem (2011) 349:21–31

DOI 10.1007/s11010-010-0656-6

http://www.web.winltd.com


superoxide reacts rapidly with nitric oxide (NO) to form

peroxynitrite thereby decreasing NO bioavailability. A

major source of superoxide is the NADPH oxidase, an

enzyme that is stimulated, amongst others, by Angiotensin

II (Ang II) [6, 7].

Physiological concentrations of NO play an important

role in maintaining normal vascular function, have vasod-

ilatory effects, inhibit platelet aggregation and adhesion to

the vascular wall and control expression of proteins

involved in atherogenesis. In addition, it reduces vascular

permeability and decreases the rate of oxidation of LDL to

its proatherogenic form [3]. It has been suggested that NO

synthase (NOS) activity and the production of NO are

chronically impaired in insulin resistance and type 2 dia-

betes [3]. This view is indirectly supported by the obser-

vation that exogenous insulin therapy appears to improve

endothelial function in patients with type 2 diabetes [8].

Insulin stimulates production of NO in endothelial cells

and cardiomyocytes by activating a signaling pathway that

involves insulin receptor substrate-1 (IRS-1), phosphatidy-

linositol-3-kinase (PI3-K) and protein kinase B (PKB/Akt)

[9, 10]. PKB/Akt activates endothelial NOS (eNOS) via

phosphorylation on Ser1177 [11]. Overexpression of an

inhibitory mutant of either PI3-K or PKB/Akt, inhibits

insulin-stimulated NO production [9].

The renin-angiotensin system (RAS) is a central com-

ponent of the cardiovascular system. Ang II, the biologi-

cally active peptide of the RAS, mediates physiological

effects of vasoconstriction and blood pressure regulation.

Recent studies have highlighted a pivotal role for Ang II in

the development of atherosclerosis, myocardial infarction

as well as vascular and myocardial remodeling [12, 13].

Signal transduction via the Ang II type 2 (AT2) receptor

has been implicated in the regulation of expression of

eNOS both in endothelial cells [6] as well as in murine

cardiomyocytes [14]. Activation of both the mitogen-acti-

vated kinases Erk 1/2 and p38 MAP kinase may be

involved in this process. Ang II type I (AT1) receptor-

evoked oxidative stress has in turn been implicated in the

inactivation of NO, leading to impaired endothelium-

dependent vasodilatation [12, 13].

There is increasing evidence that Ang II interferes with

insulin signaling by affecting insulin-induced tyrosine

phosphorylation of IRS-1, impeding its interaction with PI3-

K [15, 16]. It has also been shown that blocking the actions of

Ang II with an AT1 receptor antagonist like Losartan, has

beneficial effects in animal models [17], as well as patients

with insulin resistance or type 2 diabetes mellitus [1, 18].

In view of the above, we investigated whether elevated

Ang II influenced myocardial insulin resistance, insulin

signaling and NO production in a rat model of insulin

resistance caused by diet-induced obesity (DIO). Our results

demonstrated impaired NO production in hearts from the

DIO animals. This could be improved by treatment with

Losartan, an AT1 receptor antagonist. In addition, we

showed that Losartan treatment of DIO rats resulted in higher

myocardial eNOS and PKB/Akt expression levels. Losartan

treatment furthermore protected the hearts of DIO animals

against ischaemia/reperfusion injury.

Materials and methods

Animal model

Male Wistar rats (180–200 g) were randomly divided into

control and diet-induced obese (DIO) animals. DIO animals

were placed on a diet supplemented with sucrose and con-

densed milk for a period of 16 weeks to induce obesity by

hyperphagia [19]. Animals had free access to food and water

and were kept on a 12 h day/night cycle in an AAALAC

accredited facility. After 15 weeks on the respective diets, half

of each group of animals was treated with 10 mg/kg/day

Losartan supplied in their drinking water. After 1 week

treatment, rats were anaesthetized by intraperitoneal injection

of sodium pentobarbital (160 mg/kg) before killing. The study

conformed to the Guide for the Care and Use of Laboratory

Animals of the NIH (Publication No. 85-23, revised 1996).

Materials

Collagenase type II were from Worthington; BSA fatty

acid free from Boehringer Mannheim; all antibodies were

from Cell Signaling and a 1:1,000 dilution of primary

antibody was used throughout. Losartan was kindly sup-

plied by Merck research laboratories. DHR-123, DHE and

DAF were bought from Molecular Probes (Oregon, USA).

Ang II levels were determined using a Euro-Diagnostica kit

(Malmö, Sweden) while AmprepTM Phenyl PH Minicol-

umns (Amersham) were used to enrich Ang II levels. All

other chemicals were of the highest grade available.

Methods

Perfusion of isolated hearts

Hearts were excised from anaesthetized animals and

mounted on a perfusion rig. Two different perfusion pro-

tocols were used in the study.

1. Hearts were perfused in the Langendorff mode using

Krebs–Henseleit (KH) bicarbonate buffer containing in

mM: NaCl 119; NaHCO3 24.9; KCL 4.74; KH2PO4

1.19; MgSO4 0.6; Na2SO4 0.6; CaCl2 1.25; glucose 10.

The buffer was gassed with 95% O2/5% CO2. Hearts

from control and DIO animals were randomly perfused
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for either 30 min with KH or 15 min with KH

followed by 15 min stimulation with 0.3 mIU/ml

insulin. Afterwards, hearts were snap-frozen and stored

in liquid nitrogen. This tissue was used for determi-

nation of proteins via western blotting.

2. Hearts were perfused in the working mode with KH at

15 cm H2O preload, 100 cm H2O afterload and a

constant temperature of 37�C. The latter was moni-

tored via a temperature probe inserted into the

coronary sinus. After a 40 min stabilization period,

the left anterior descending artery was occluded by

tying it off with a silk suture to induce regional

ischaemia for a period of 35 min. This was followed

by 60 min reperfusion consisting of 10 min retrograde,

20 min work, 30 min retrograde perfusion. Infarct size

was determined as described previously and expressed

as a percentage of the area at risk [20]. Aortic output

was measured during the stabilization period and again

after the ischaemic period. The post-ischaemic aortic

output was calculated as a percentage of the pre-

ischaemic values to determine recovery.

Preparation of lysates and western blotting

Frozen tissues were pulverized with a liquid nitrogen pre-

cooled mortar and pestle and then extracted in lysis buffer

containing in mM: Tris–HCl 20 (pH 7.5), EGTA 1, EDTA 1,

NaCl 150, Na2VO3 1, beta-glycerophosphate 1, sodium-

pyrophosphate 2.5, PMSF 0.3, Triton X-100 1% (v/v) plus

10 lg/ml leupeptin and aprotinin, respectively, using a

Polytron PT10 homogenizer, 2 9 4 s, setting 4. Lysates

were cleared from particulate matter by centrifuging for

15 min at 14,000 rpm in a microfuge. Equal amounts of

cytosolic proteins were separated on an SDS poly-acrylam-

ide gel and electro-transferred to ImmobilonTM-P mem-

branes. Transfer and equal loading of proteins were

visualized and monitored with Ponceau Red reversible stain.

The membranes were blocked for 2 h in Tris-buffered saline

(TBS) containing 0.1% Tween-20 and 5% non-fat milk

powder. Membranes were probed with primary antibodies

directed against: total eNOS protein and Ser1177 phosphor-

ylated eNOS, total PKB/Akt protein and Ser473 phosphory-

lated PKB/Akt or total IRS-1 and Ser612 phosphorylated IRS-

1 protein followed by a horse-radish peroxidase coupled

anti-rabbit secondary antibody. Bands were visualized using

the ECL detection system and quantified by laser scanning

densitometry and suitable software (Silk-science).

Preparation of ventricular cardiomyocytes

The myocyte isolation technique was based on a method

described previously [21]. Hearts were retrogradely

perfused with a nominally calcium-free buffer, solution A

(containing in mM: KCl 6, Na2HPO4 1, NaH2PO4 0.2,

MgSO4 1.4, NaCl 128, HEPES 10, D-glucose 5.5 and

pyruvic acid 2), to rinse blood from the coronary vessels.

After 5 min, perfusion was switched to a digestion buffer,

solution B (solution B = solution A containing 0.7% fatty

acid free BSA ? 0.1% collagenase ? 15 mM 2,3-butane-

dione monoxime (BDM)). Calcium (200 lM in total) was

added at 20 and 25 min, respectively, of total perfusion

time. After 30–35 min, the heart was removed from the

perfusion apparatus, the atria removed and the ventricles

gently torn apart. The ventricular tissue was then placed in

a post-perfusion digestion buffer, solution C (solution

C = 1 part solution A ? 1 part solution B ? 200 lM

calcium ? 1% fatty acid free BSA), followed by incuba-

tion in a shaking water bath (37�C) for 15 min, and a step-

wise calcium re-administration period to render calcium-

tolerant cells (200 lM/min for 4 min and 250 lM during

the final minute; total calcium: 1.25 mM). After filtering

and gentle centrifugation (100 rpm 9 3 min) the superna-

tant was removed and the pellet resuspended in an incu-

bation solution, solution D (solution D = solution

A ? 1.25 mM CaCl2 ? 2% fatty acid free BSA), allowed

to settle through solution D for 5 min and the pellet

resuspended in solution D. Cells were stabilized for 1 h by

slow rotation at room temperature. The average digested

heart yielded 3–5 9 106 ventricular myocytes. Investiga-

tions were repeated on myocyte preparations from different

hearts, with sample sizes varying from n = 6 to 8. The

overwhelming majority of cells isolated in this manner

([70%) demonstrated typical rod-shaped morphology with

clear striations, as assessed by light microscopy.

Flow-cytometric determinations

Oxygenated control conditions were simulated by incu-

bating isolated cardiomyocytes in solution D (500,000

cells/35 mm petri dish) in a standard tissue culture incu-

bator under an O2 atmosphere (21% O2, 5% CO2, 40–60%

humidity, 37�C) for the full duration of the experiments

(180 min).

Protocols for the detection of NO, peroxynitrite

(ONOO-) and superoxide were employed as previously

described for endothelial cells and isolated cardiomyo-

cytes, with minor modifications [7, 22, 23]. The specificity

of all probes has previously been confirmed. At the

beginning of experiments (t = 0 min), samples (500,000

cells/sample) were loaded with non-limiting concentrations

of the cell-permeable fluorescent probes diamino-

fluorescein-diacetate (DAF-2/DA, 10 lM in 1 ml solution

D), di-hydrorhodamine-123 (DHR-123, 2 lM in 1 ml

solution D) or di-hydro-ethidium (DHE, 20 lM in 1 ml

solution D) for detection of intracellular production of NO,
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ONOO- and superoxide, respectively. These probes were

present throughout the experiment. At t = 180 min, probes

were washed out from all samples and cells resuspended in

probe-free solution D followed by immediate FACS anal-

ysis. Exposure to light was avoided as far as possible in all

samples due to the light sensitivity of the fluorescent

probes. All 3 probes were always used comparatively by

dividing the same myocyte preparation into 3 fractions.

Reported n values indicate myocyte preparations from

n different hearts.

Angiotensin II levels

Blood was collected at the time of killing, allowed to

clot on ice, centrifuged (14,000 rpm for 15 min) and

stored at -20�C. Ang II was enriched in samples by

passing the serum through an Amprep cartridge accord-

ing to the manufacturer’s specifications. The final eluates

were freeze dried and stored until assayed. Ang II lev-

els in these extracts were determined using a RIA kit.

Each assay included a standard curve from 0 to

150 pmol/l.

Statistical analyses

Data are presented as mean ± SEM. Comparisons between

multiple groups were performed by either one-way or two-

way ANOVA followed by Bonferroni post-hoc test

(Graph-Pad Prism 5). A value of P \ 0.05 was considered

statistically significant.

Results

Animal model

We have utilized a previously described [19] model of

hyperphagia-induced obesity in rats, generating animals

that suffer from insulin resistance and the metabolic

syndrome [24].

As shown in Table 1, after 16 weeks on diet (DIO),

animals gained significantly more weight than their age-

matched controls on normal rat chow, their intraperitoneal

fat depots (IP fat) were significantly more and their fasting

blood glucose- and insulin-levels were significantly ele-

vated. One week of a low dose of Losartan treatment did

not change the blood glucose levels.

Ang II levels were also significantly elevated in the DIO

animals. Losartan treatment resulted in serum Ang II levels

of such magnitude that values of both control treated and

DIO treated animals were outside the sensitivity range of

the assay, therefore indicated as [150 pmol/l.

Demonstration of insulin resistance

Stimulating hearts from control as well as DIO, untreated

animals ex vivo with 0.3 mIU/ml insulin resulted in sig-

nificant elevation of phosphorylation of PKB/Akt on Ser473

above levels in unstimulated hearts (Fig. 1a). However, the

response in hearts from DIO animals was very low in

comparison to control hearts.

Similarly, insulin stimulation of hearts from control,

untreated animals resulted in significantly higher levels of

phospho-eNOS (Ser1177) detected than in hearts from

control animals with no elevation in hearts from DIO

animals (Fig. 1b).

Furthermore, under basal conditions, significantly higher

levels of Ser612 phosphorylation of IRS-1 were detected in

cardiomyocytes prepared from DIO animals (Fig. 1c)

while expression of IRS-1 protein was lower (Fig. 1d).

Together, these results are a clear indication of insulin

resistance being present in hearts from the DIO animals,

inferring down regulation of the PI-3-K, PKB/Akt, eNOS

signaling pathway.

Losartan treatment (10 mg/kg/day for 1 week) per se

did not stimulate phosphorylation of PKB/Akt nor did it

enhance insulin-stimulated phosphorylation of this kinase

(Fig. 1a) in either experimental group. However, both basal

and insulin-stimulated phosphorylation of eNOS were

enhanced in hearts from the DIO animals (Fig. 1b). The

Table 1 Data on physiologic parameters of rats after 16 weeks on a high caloric diet with and without Losartan treatment

Control Control ? Lostran DIO DIO ? Lostran

Weight (g) 425.67 ± 7.17 444.93 ± 8.56 520.61 ± 12.16** 530.77 ± 10.3##

IP fat (g) 11.28 ± 1.06 9.96 ± 0.63 17.78 ± 1.53*** 18.55 ± 1.75###

Glucose (mmol/l) 4.7 ± 0.2 4.5 ± 0.1 5.3 ± 0.2* 5.1 ± 0.4#

Insulin (lIU/ml) 31.38 ± 2.84 N/D 49.17 ± 6.17* N/D

Ang II (pmol/l) 21 ± 3 [150 42 ± 2** [150

* P \ 0.05 vs. Control; # P \ 0.05 vs. Control ? Losartan

** P \ 0.01 vs. Control; ## P \ 0.01 vs. Control ? Losartan

*** P \ 0.0001 vs. Control; ### P \ 0.001 vs. Control ? Losartan

(n = 9–14); N/D not determined
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representative blots are shown in Fig. 2a with a Ponceau

red stain to show equal loading in Fig. 2c.

Functional performance of hearts

Hearts from control animals and DIO animals with or

without Losartan treatment were perfused as described in

‘‘Methods’’ section. Baseline parameters of aortic output

and total work performed were not different in the groups

of animals (Table 2). However, on reperfusion after 35 min

regional ischaemia, hearts of DIO recovered significantly

worse than hearts from control animals and produced less

total work (Fig. 3a, b). This poor aortic output recovery as

well as total work performed of the DIO animals, were
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Fig. 1 Western blotting was performed as described in ‘‘Materials

and methods’’ section using equal amounts of protein per lane. In

a and b lysates prepared from freeze-clamped ventricular tissue were

used and the graphs represent insulin-stimulated phosphorylation of

Ser473 on PKB/Akt and Ser1177 on eNOS with and without Losartan

treatment (* P \ 0.05, ** P \ 0.01 and *** P \ 0.001 as determined

by a 2-way ANOVA, n = 5–8 individual hearts). c represents basal

Ser612 phosphorylation on IRS-1 determined by FACS analysis on

isolated cardiomyocytes. * P \ 0.05 control vs. DIO, n = 4 prepara-

tions, and d shows the total IRS-1 protein in the same preparations

analysed in tandem
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significantly improved by Losartan treatment (Table 2;

Fig. 3). In addition, the infarct size that developed,

expressed as a percentage of the area at risk, was signifi-

cantly larger in hearts of the DIO animals versus controls

(Fig. 4). The area at risk did not differ between control and

DIO hearts. The protective effects of Losartan were further

evidenced by the significantly smaller infarcts found in

control and DIO animals after Losartan treatment (Fig. 4).

FACS analysis

Figure 5a shows a typical FACS image of cardiomyocytes

indicating forward scatter on the x-axis and side scatter on

Total PKB/Akt

P-PKB 

Total eNOS

P-eNOS

Beta-tubulin

PKB/Akt

eNOS

Beta-tubulin

CONTROL DIO
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Fig. 2 Representative western blots including beta-tubulin to dem-

onstrate equal expression of a different protein of total and

phosphorylated PKB/Akt and eNOS. Lysates from frozen hearts with

or without treatment were subjected to PAGE as described in

‘‘Methods’’ section: 30 lg protein per lane, 10% PAGE for PKB/Akt

and 80 lg protein per lane, 7.5% PAGE for eNOS. a depicts

phosphorylation stimulated by insulin in comparison to control

protein levels. b shows the total protein levels with and without

Losartan treatment while c is a Ponceau Red stain to show equal

loading of protein

Table 2 A summary of the main functional parameters measured in perfused hearts of rats after 16 weeks on diet with and without Losartan

treatment

Control Control ? Losartan DIO DIO ? Lostran

AO before isch (ml/min) 36.8 ± 1.6 36 ± 0.44 31.1 ± 1.6 34.6 ± 0.8

AO before isch (ml/min) 12.33 ± 2.59 15.56 ± 3.79 5.1 ± 3.8# 16.1 ± 2.9*

TW before isch (mW) 11.81 ± 0.46 12.13 ± 0.36 10.6 ± 0.4 10.7 ± 0.4

TW after isch (mW) 4.89 ± 0.96 6.19 ± 1.25 1.87 ± 1.4# 6.1 ± 0.9*

* P \ 0.05 vs. DIO (n = 6–12)
# P \ 0.05 vs. Control (n = 6–12)
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Fig. 3 a Functional recovery of aortic output after 35 min regional

ischaemia of perfused hearts from control, DIO and Losartan treated

animals (n = 6–9). b Recovery of the calculated total work

performed in hearts after 35 min regional ischaemia of perfused

hearts with significance as indicated (n = 6–9)
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the y-axis with the window indicating the gating that was

used consistently. Figure 5b, c are representative fluores-

cent scans of DAF fluorescence of isolated cardiomyocytes

prepared from control (Fig. 5b) and DIO (Fig. 5c) animals,

with or without Losartan treatment.

NO production by cardiomyocytes

DAF fluorescence, as a direct measure of the ability of

cardiomyocytes to produce NO, showed that cells from

DIO animals produced significantly less NO than cells

from control animals (Fig. 6a). Treating DIO rats with

Losartan restored their ability to produce NO. Surprisingly,

treating control animals with Losartan resulted in lower

NO production measured in the cardiomyocytes.

Peroxynitrite and superoxide production

by cardiomyocytes

The 2 probes used for measurement of ONOO- and

superoxide production showed no change in the production

of these free radicals either in myocytes taken from DIO

animals or from animals treated with Losartan versus the

respective controls (Fig. 6b, c).

Expression of key proteins

PKB/Akt

While hearts from DIO animals were more insulin resistant

(Fig. 1), the condition per se resulted in significantly ele-

vated levels of PKB/Akt expression (Fig. 7a). After 1 week

treatment with Losartan, hearts from control animals pre-

sented with significantly attenuated expression of PKB/

Akt, showing hitherto unrecognized regulation of the

expression of this key protein via Ang II signaling. Fur-

thermore, in hearts from DIO animals, this regulation was
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Fig. 4 Infarct development expressed as a percentage of the area at

risk of infarction after 35 min regional ischaemia of the same hearts

as in Fig. 2, with significance as indicated (n = 6–9)

Fig. 5 a A typical scatter plot of a cardiomyocyte preparation as

shown by FACS scanning. The area normally gated is encircled.

b The shift in fluorescence in cells from control animals with or

without Losartan treatment; and c the same analysis on cells from

DIO animals with or without Losartan treatment
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absent and Losartan treatment resulted in an additional

elevation in the expression of PKB/Akt, underscoring

regulation of this pathway via Ang II signaling. A repre-

sentative blot is shown in Fig. 1b.

eNOS

In order to further clarify the observations made by direct

measurement of NO production by cardiomyocytes, the

expression levels of eNOS protein was measured. Basal

levels of expression of eNOS were not affected by DIO

(Fig. 7b). However, Losartan treatment again unmasked

regulation of the expression of eNOS protein via Ang II

evoked signaling. In hearts from control animals,

expression of eNOS was significantly attenuated after

Losartan treatment while expression of this protein was

significantly elevated after treatment in hearts from the

DIO animals, underscoring results obtained by FACS

analysis of NO production. A representative blot is shown

in Fig. 2b.

Discussion

It is currently recognized worldwide that the ever-

increasing incidence of obesity contributes largely to the

escalation in cardiovascular disease. Changes in arterial

patency because of early changes in endothelial function

and development of atherosclerosis have partly been

blamed for this [3, 25, 26]. These changes have been linked

to insulin resistance via indirect evidence obtained in

patients [2, 27]. In addition, ROS production through

activation of the RAS system has been implicated in early

endothelial dysfunction [12, 13] and this is supported by

the observation that an AT1 receptor antagonist like
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Fig. 6 FACS analysis and probes specific for the different ROS

species were used to determine their intracellular levels in cardio-

myocytes prepared from control or DIO animals, with or without

Losartan treatment. Data represents 7–11 individual preparations and

P values (* P \ 0.05) were determined by 2-way ANOVA

0

0.5

1

1.5

2

2.5

3

DIOControl

A
rb

it
ra

ry
 D

en
si

to
m

et
ry

 U
n

it
s

*

*

*

*

PKB/Akt  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

DIOControlA
rb

it
ra

ry
 D

en
si

to
m

et
ry

 U
n

it
s

*

*

eNOS 

Basal Losartan

Basal Losartan

a

b

Fig. 7 Bar graphs depicting the changes in expression of a PKB/Akt

and b eNOS. Data were obtained as described in ‘‘Methods’’ section

and Western analysis was similar to that described in Figs. 1 and 2.

* P \ 0.05 as determined by 2-way ANOVA, n = 8–10 individual

heart preparations
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Losartan, has beneficial effects in patients with insulin

resistance or type 2 diabetes mellitus [1, 17, 18].

In the current study, we have addressed these issues by

using a rat model of obesity induced cardiovascular dys-

function with elevated levels of Ang II and insulin resis-

tance. In addition, this model is known to develop

endothelial dysfunction [28]. We measured expression and

activation of eNOS and PKB/Akt as key proteins in the

insulin signaling pathway leading to NO production and

correlated this with direct measurement of NO, peroxyni-

trite and superoxide production by cardiomyocytes from

these animals with or without Losartan treatment. We

furthermore subjected hearts from the different groups to

ex vivo perfusion and ischaemia followed by reperfusion,

to determine whether Losartan treatment afforded myo-

cardial protection.

Animals were kept on an obesity inducing diet (DIO) for

a period of 16 weeks and treated with 10 mg/kg/day

Losartan for the last week of this period. According to

Navarro-Cid et al. [29], even 1 mg/kg/day Losartan could

prevent a rise in blood pressure and could blunt Ang II

induced vasoconstriction in rats fed a high fructose diet.

Body weight, IP fat weight, fasting blood glucose, insulin-

and Ang II levels were all significantly elevated in the DIO

animals (Table 1). In accordance with the observations of

Van den Meiracker et al. [30] and Shinozaki et al. [17],

Losartan treatment resulted in elevation of plasma Ang II

levels, showing that this low dose of Losartan could

interrupt the negative feedback mechanism on renin release

[30].

Our results showed that hearts from the DIO animals

were insulin resistant as evidenced by a severely reduced

ability of insulin to stimulate PKB/Akt and eNOS phos-

phorylation (Fig. 1a, b). In conjunction with the latter, IRS-

1 expression was significantly attenuated and highly serine

phosphorylated (Fig. 1c, d). Several researchers [16, 31]

demonstrated that Ang II signaling can increase serine

phosphorylation of IRS-1 as well as serine phosphorylation

of the p85 subunit of PI3-Kinase. Both of these will inhibit

the interaction of PI-3-Kinase with IRS-1 and will result in

reduced signaling through the pathway and lower phos-

phorylation of PKB/Akt and eNOS. We speculate that the

treatment period we used was too short for Losartan to

effectively lower blood glucose levels as Hotta et al. [32]

found lower levels after 2 weeks of treatment with 3 mg/kg

Losartan. That insulin resistance per se was not changed by

the Losartan treatment is underscored also by the finding

that we could not detect a higher level of phosphorylation

of PKB/Akt protein via insulin stimulation after treatment

(Fig. 1a).

Despite this, Losartan treatment translated into

improved myocardial function in the DIO animals. As

shown in Figs. 3 and 4, hearts from DIO animals presented

with larger infarct development after regional ischaemia as

well as poorer functional ability. Both of these parameters

were significantly improved after Losartan treatment. In a

recent article, Hotta et al. [32] described cardioprotective

effects of Valsartan treatment with restoration of JAK2-

PI3-K/PKB/Akt signaling and suppression of calcineurin

activity. They postulated that this was the main route of

protection via AT1 receptor antagonism together with

alleviation of ER stress. However, in the present study, we

could not demonstrate restoration of PKB/Akt signaling

despite eliciting protection.

It has been proposed that Ang II signaling causes not

only insulin resistance but also lowers NO production via

activation of NADPH oxidase and ROS production [16, 33,

34]. Most of these effects of Ang II are mediated by sig-

naling pathways activated via the AT1 receptor, therefore

antagonism of this signaling with blockers like Losartan,

should not only alleviate insulin resistance, as shown by

Henriksen [34] and Hotta et al. [32] but also increase NO

production, thereby improving endothelial function. By

directly measuring NO production in freshly isolated adult

ventricular myocytes taken from control and DIO animals,

we clearly demonstrated this. NO production in myocytes

from DIO animals was significantly attenuated under basal

conditions (Fig. 6a) and treatment with Losartan signifi-

cantly improved this. It may be argued that the enhanced

NO bio-availability after Losartan treatment is as result of

reduced ROS production via the NADPH system, therefore

less scavenging by superoxide to form peroxynitrite.

However, using established probes to measure both per-

oxynitrite and superoxide [22, 23], in the same cell prep-

aration where we measured NO levels, we could not

confirm a role for ROS in our observations (Fig. 6b, c). The

lower basal production of NO by cardiomyocytes from the

DIO animals with equal expression and phosphorylation of

eNOS may reflect the contribution of the diverse other cell

types present in whole heart tissue in comparison to iso-

lated cardiomyocytes.

Concurrently, the expression of eNOS protein in DIO

hearts was enhanced by Losartan treatment (Fig. 7b).

Enhanced expression of eNOS after Losartan treatment

corroborates the findings of Li et al. [6] in endothelial cells

while Brede et al. [14] found lower eNOS expression in

cardiomyocytes in an AT2 receptor deficient mouse model.

The latter observation would indicate that either signaling

via the AT1 receptor or absence of signaling via the AT2

receptor or both, as the effects elicited by signaling through

the AT2 receptors have been reported to functionally

antagonize effects of the AT1 receptors [35, 36], will lower

eNOS expression. In the presence of AT1 receptor block-

ade, the very high levels of Ang II may enhance signaling

via the AT2 receptor leading to eNOS and PKB/Akt

expression as seen in the DIO animals. However, the
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opposite effect is seen in control animals, negating a con-

clusion as to the influence of this. In addition, we docu-

mented enhanced phosphorylation of eNOS in DIO hearts

after Losartan treatment (Fig. 1b). This may be ascribed to

inhibition of calcineurin, as described by Hotta et al. [32].

A novel finding of this study is that PKB/Akt protein

expression in the heart is modulated by AT1 or AT2 sig-

naling similar to what we found for eNOS expression

(Fig. 7a). In addition, we documented higher levels of

PKB/Akt in hearts from the DIO animals, possibly coupled

to the development of myocardial hypertrophy in this

model. Losartan treatment of DIO animals further elevated

PKB/Akt levels underscoring the results of Kawahara et al.

[37] in aortic tissue of spontaneously hypertensive rats.

Contrary to expectation, Losartan treatment of control

animals resulted in lower NO production measured in

cardiomyocytes. This is reflected by the absence of

improved functional recovery after ischaemia seen in

control hearts despite smaller infarct size development

(Figs. 3, 4). This discrepancy between infarct size devel-

opment and functional recovery is well-documented in

different species and is explained by differences in the

levels of stunning in the heart after different treatment [38].

Underscoring the result obtained, eNOS expression was

attenuated in hearts from control animals treated with

Losartan accompanied by no improvement in the levels of

phospho-eNOS (Figs. 1b, 7b). In addition, Losartan treat-

ment lowered PKB/Akt protein levels (Fig. 1a), empha-

sizing the conclusion that signaling modulates PKB/Akt

expression similar to eNOS expression. The differential

response of control and DIO tissue in the regulation of the

expression both PKB/Akt and eNOS and NO production is

interesting but currently not well understood and needs

further investigation to clarify.

From the results of our study, we conclude that AT1

receptor antagonism for a short period with a low dose of

Losartan, could restore the suppressed NO production in

cardiomyocytes from DIO animals by increasing eNOS and

PKB/Akt protein expression and enhancing phosphoryla-

tion of eNOS. Changes in the expression level of these 2

key proteins are therefore occurring before alleviation of

whole-body insulin resistance, plasma insulin- or glucose

levels could be detected and may therefore represent the

first changes affected by AT1 antagonism leading to pro-

tection of the cardiovascular system.
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