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INTRODUCTION

Diabetes mellitus (DM) leads to high cardiovascular morbidity 
and mortality, as a result, of functional and morphological 
damage in diabetic hearts [1]. Myocardial dysfunction occurs 
frequently in diabetes, even in the absence of coronary or valvular 
heart disease, suggesting a primary diabetic cardiomyopathy [2].

The focus of this study is the participation of major hormonal 
system the renin-angiotensin system (RAS) in diabetes and 
diabetic heart dysfunction. Over-activation of this system 
has been reported to play a key role in diabetes [3]. Major 

components of the RAS such as angiotensin converting enzyme 
(ACE), ACE2, angiotensin II (Ang II) Type 1 and Type 2 
receptors (AT1R and AT2R) have been identified in human 
and rodent heart cells pointing to a local cardiac RAS [4,5].

AT2R is generally accepted to exert an opposing effect to AT1R 
in the cardiovascular system (CVS). Although Ang II is known to 
have direct effects on cardiomyocytes through the AT1R [6], the 
functional role of AT2R in the development of cardiomyopathy 
in diabetes is incompletely understood.

In the past few years, the classical concept of the RAS has 
experienced substantial conceptual changes. The importance 
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ABSTRACT
Background: Major components of the renin-angiotensin system such as angiotensin II (Ang II), angiotensin 
converting enzyme (ACE), ACE2, Ang II Type 1 receptors (AT1R) and Ang II Type 2 receptors (AT2R) have been 
identified in human and rodent heart cells. Over-activation of this system has been reported to play a key role 
in diabetes. Methods: A total of 72 male albino rats (160-180 g) were divided into the following groups each 
containing 18 rats. Group 1: Control group, Group 2: Type 2 diabetic control rats, Group 3: Angiotensin receptor 
blocker (ARB) -protected diabetic rats and Group 4: ACE inhibitor (ACEI) protected diabetic rats. At the end of the 
experiment, half the number of rats in all groups was sacrificed, and the heart excised and perfused according 
to the Langendorff technique. Mechanical performance of the left ventricle (LV) of the heart was determined 
by the systolic pressure, the diastolic pressure, the heart rate and the peak rate of maximum LV pressure rise 
(dp/dt), which is considered as a good index of contractility. These mechanical performances were monitored 
during pre-ischemic; ischemic and post-ischemic reperfusion phases. From the other group of rats (n = 9), 
tissue was extracted from the heart for estimation of AT2R and ACE2 gene expression. Results: Treatment 
with ARBs and ACEIs significantly lowered blood glucose, insulin levels and homeostasis model assessment 
insulin resistance index compared to untreated diabetic rats. However, values did not return to control values. 
ARBs and ACEI improved myocardial performance and percentage recovery following ischemia reperfusion. The 
cardio protective effect was more pronounced in the ARBs Group. This positively correlated with increased AT2R 
and ACE2 expression in all studied Groups. However, there was no significant correlation between the level 
of AT2R and ACE2 expression in cardiac tissue. Conclusion: The use of ARBs and ACEIs in Type 2 diabetes 
mellitus significantly offered cardio-protection against ischemia-reperfusion injury either through improving the 
diabetic condition or by increasing the expression of AT2R and/or ACE2 in cardiac tissue.
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of the vasodeleterious axis of the RAS (ACE/Ang II/AT1R) 
in cardiovascular disease (CVD), as well as in diabetes 
and diabetic complications, is well established since ACE 
inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) 
are leading therapeutic strategies [7]. However, the impact of 
the vasoprotective axis of the RAS remains poorly understood.

Discovery of ACE2 has resulted in the establishment of a novel 
axis of the RAS involving ACE2/Ang (1-7)/Mas receptor. This 
vasoprotective axis counteracts the traditional proliferative, 
fibrotic, proinflammatory and hypertrophic effects of the ACE/
Ang II/AT1R axis of the RAS. The concept that shifting the 
balance of the RAS toward the vasodilator axis by activation of 
ACE2 or its product, Ang (1-7) is beneficial has been supported 
by many studies in cardiac, pulmonary, and vascular fibrosis. 
Indeed, ACE2/Ang (1-7) activation is now considered to be 
a critical part of the beneficial actions of ACEIs and ARB 
drugs [8].

Whether AT2R and ACE2 interact in diabetes is unknown. 
However, since AT2R inhibits ACE activity [9], it is speculated 
that AT2R might increase ACE2/ACE ratio, which could be 
important in cardiac dysfunction in diabetes.

There are data suggesting that RAS blockade by ACEIs or ARBs 
may work as a cardio-protective mechanism through modulation 
of the expression of AT2R and/or the novel ACE2 [10]. However, 
the relation between AT2R and ACE2 expression in diabetic 
hearts needs to be clarified.

The aim of this study is to:
• Test and compare the possible protective effects of AT1R 

blockade by losartan and ACE inhibition by Lisinopril on 
the development of Type 2 diabetes in rats

• Test the possibility of improving the myocardial function 
and reducing the susceptibility to ischemia-reperfusion 
injury through the modulation of the gene expression of 
cardiac AT2R and ACE2

• Test the hypothesis of interaction between AT2R and ACE2 
in diabetic heart dysfunction.

METHODS

Experimental Animals

A total of 72 male albino rats (160-180 g) was used in this 
study. The animals were housed in wire mesh cages at room 
temperature, with normal light-dark cycle. They had free access 
to water and to their respective diets. All of the experiments were 
performed in animal house of Cairo University in accordance 
with guidelines for the care and use of laboratory animals 
published by the National Institutes of Health (NIH Publication 
No. 85-23, revised 1996).

Rats were divided into the following groups, each containing 
18 rats:
Group 1:  Control group: Fed the commercial rat chew diet 

(12% calories as fat) for the whole time of the 

experiment. Rats received intra-peritoneal (i.p.) 
saline injection on day 14.

Group 2:  Type 2 diabetic rats: Type 2 DM was induced by 
model introduced by Srinivasan et al (2005) [11].

Group 3:  ARB-protected Type 2 diabetic rats: Losartan (AT1R 
blocker) 10 mg/kg/day [12] was added to drinking 
water daily from day 0 till the end of the experiment 
(21 days).

Group 4:  ACEI-protected Type 2 diabetic rats: Lisinopril 
(ACEI), 10 mg/kg/day [12] were added to drinking 
water daily from day 0 till the end of the experiment 
(21 days).

Experimental Protocol

Induction of Type 2 DM model

Beginning on day 0, rats in Group 2, 3, and 4 were fed high-
fat diet (58% calories as fat) for 2 weeks. On day 14, rats were 
injected with a single low dose of streptozotocin (STZ, 35 mg/kg 
i.p., in 0.01 M citrate buffer pH 4.3) to induce Type 2 DM [12]. 
Subsequent to treatment, rats had free access to food and water 
and were continued on their respective diets for the duration 
of study.

Characterization of Type 2 diabetes

Blood sampled from the retro-orbital plexus under diethylether 
anesthesia was used to measure plasma glucose and insulin 
concentration. Type 2 DM was confirmed by calculation 
of homeostasis model assessment insulin resistance index 
(HOMA-IR). Lower index indicates greater insulin sensitivity.

HOMA - IR =

 
Fasting insulin ( IU/ml) × Fasting glucose (mmμ ool/L)

22 5.

At the end of the experiment (day 21), all experimental rats 
were sacrificed under anesthesia by i.p. injection of sodium 
thiopental (10 mg/100 g body weight). In half the number of 
rats of each group (n = 9), the hearts were rapidly excised and 
perfused according to the Langendorff technique [13]. In the 
rest of the rats (n = 9), tissue was extracted from the hearts for 
estimation of AT2R and ACE2 expression.

Langendorff technique for heart perfusion [13]

Hearts were immersed in ice cold modified Krebs-Henseleit 
solution containing heparin (5000 units) at ambient temperature 
(25°C). Hearts were then mounted on the aortic cannula and 
subsequently perfused according to the Langendorff technique 
with Krebs-Heinseleit medium at a hydrostatic pressure of 55 cm 
H2O and bubbled with a mixture of 95% O2 and 5% CO2. The 
time between extraction of the hearts and their attachment to 
the Langendorff apparatus did not exceed 2 min.

The Krebs-Henseleit solution was prepared from the following 
concentration in (g): 6.926 NaCl, 2.1 NaHCO3, 0.16 KH2PO4, 
0.298 KCl, 0.294 MgSO4.7H2O, 0.264 CaCl2 and glucose 1.982 
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in 1000 ml distilled water. A roller pump delivered the medium 
(flow = 15 ml/min) to an 8-μm pore size, 47-mm diameter 
filter, a membrane oxygenator, a pre-heater, and the cannula. 
The temperature of the heart and of the perfusion medium was 
maintained at 37°C by an external water bath. A latex balloon 
filled with saline was introduced into the left ventricle (LV) and 
was connected to a pressure transducer to monitor performance. 
We measured the intra-ventricular balloon volume needed 
to increase end-diastolic pressure from 0 to 10-15 mmHg, 
afterward, the balloon volume was kept constant. After 30 min 
of stabilization, ischemia was induced by abolishing the coronary 
flow from 15 ml/min to 0 ml/min for 30 min. The hearts were 
then reperfused for 60 min with a coronary flow of 15 ml/min.

Measurements of myocardial function

Mechanical performance of the LV of the heart was determined 
by the systolic pressure, the diastolic pressure, the heart rate 
(HR) and the peak rate of maximum LV pressure rise (dp/dt), 
which is considered as a good index of contractility. These 
mechanical performances were monitored during pre-ischemic; 
ischemic and post-ischemic reperfusion phases by a balloon 
inserted into the LV and connected to a polygraph apparatus 
(San-ei Instrument, Ltd., Nee, Tokyo, Japan). The developed 
pressure was calculated (systolic pressure − Diastolic pressure).

Measurement of fasting blood insulin

Insulin concentrations were measured in previously frozen and 
thawed serum samples by enzyme immunoassay using the rat 
insulin ELISA kits.

Measurement of fasting blood glucose

Blood glucose was assayed by the method adopted by Trinder 
(1969) [14]. The test materials for this method were supplied 
as kits by “diamond diagnostics”.

Semi-quantitation of AT2R and ACE2 gene expression by 
reverse transcriptase polymerase chain reaction (RT-PCR)

At the end of the perfusion, hearts were removed from the 
perfusion apparatus, excess water was absorbed on tissue 
paper. About 30 mg of heart tissue was homogenized in RNA 
lysis buffer containing β-mercaptoethanol then the tissue 
homogenate was centrifuged at 200 ×g for 20 min, then the 
clear lysate was subjected to the following.

RNA extraction
1. The clear lysate solution was transferred to a microcentrifuge 

tube by pipetting
2. 200 μl 95% ethanol was added to the cleared lysate, mixed 

by pipetting 3-4 times, this mixture was transferred to spin 
column assembly, centrifuged at 240-250 ×g for 1 min

3. The spin basket was taken from the spin column assembly, 
the fluid was discarded in the collection tube, and the spin 
basket was put into the collection tube

4. 600 μl of RNA wash solution was added to the spin column 
assembly, and then centrifuged at 250 ×g for 1 min

5. The collection tube was empty and placed in the rack, DNase 
mix was prepared by mixing 40 μl yellow core buffer, 5 μl 0.09 
Mol MgCl2 and 5 μl of DNase solution was kept on ice for 
1 min then about 50 μl of freshly prepared DNase solution 
was added directly to the membrane inside the spin basket, 
and incubated for 20 min at 20°C, after the incubation, 200 
μl of DNase stop solution was added to the spin basket and 
centrifuged at 250 ×g for 2 min

6. 600 μl RNA wash solution was added and centrifuged at 
250 ×g for 1 min

7. The spin basket was transferred from the collection tube 
to the elution tube, and 100 μl nuclease free water was 
added to the membrane, centrifuged at 240 ×g for 1 min, 
the spin basket was removed and discarded; the elution 
tube containing the purified RNA capped and stored at 
−70°C.

RT-PCR experiments
RT-PCR was done using the extracted RNA for detection of 
gene expression as follows: RNA was reverse transcribed using 
12-15 μl oligo (dT) 18 primer and was denaturated at 70°C 
for 2 min, the denaturated RNA was placed on ice for 5 min. 
6.5 μl of reverse transcription mixture was prepared containing: 
50 mM Tris HCl pH 8.3,50 mM KCl, 1-5 mM MgCl2, 0.5 mM 
d NTPs, 1 unit/ml RNase inhibitor, 200 unit of moleny murine 
leukemic virus RT.

The mixture was added to the RNA and subjected to the 
following cycling condition needed for reverse transcription 
and synthesis of cDNA from RNA:
• 42°C for 1 h
• 95°C for 5 min to stop the reaction.

Then the PCR reaction was performed by adding PCR mix to a 
final volume of 100 μl, the PCR mix contains: 10 m Mol/L Tris 
HCl pH 8.3, 50 m Mol KCl, 1.5 mMol MgCl2, 0.001% gelatin, 
250 μ Mol dNTPs mix, 2.5 unit Taq polymerase, 100 mMol of 
each primer
• Specific primer sequence for ACE2 (gene bank number NM 

001012006):
 5′CGCTGTCACCAGACAAGAA 3′ (sense)
 5′GCCATTATTTCGTCCAATCC 3′ (antisense)

The final PCR product was 139 bp in size.
• Specific primer sequence for AT2R (gene bank number NM 

0124943):
 5′GGA GCG AGC ACA GAA TTG AAA GC 3′ (sense)
 5′TGC CCA GAG AGG AAG GGT TGC C′(antisense)

The final PCR product was 445 bp in size.
• Specific primer sequence for b-actin (used as housekeeping 

gene) (gene bank accession number: NM 001014725.2)
 5′-TTC-TACAATGAGCTGCGTGTGGC-3’ (sense)
 5′-AGAGGTCTTTACGGATGTCAACG-3’; (antisense)

The reaction mixture was then subjected to 40 cycles of:
• 95°C for 1 min
• 55°C for 1 min
• 72°C for 1 min.
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After the last cycle, a final extension at 72°C for 1 min was 
done.

Agarose gel electrophoresis
All PCR products were electrophoresed on 2% agarose gel 
stained with ethidium bromide and visualized by ultra-violet 
transilluminator.

Gel documentation
The PCR products were semiquantitative using the gel 
documentation system (Bio Doc Analyze) supplied by Biometra, 
Germany using standard DNA with different concentration to 
make the curve from which concentration of PCR products 
was detected.

Statistical Analysis

The results were analyzed using SPSS computer software 
package, version 10.0 (Chicago, IL, USA). Data were presented as 
mean ± SD. Differences among the three groups were compared 
using one-way ANOVA. To study the relationship between the 
variables, Pearson’s correlation coefficient was calculated. The 
results were considered statistically significant at P < 0.05.

RESULTS

As shown in Table 1, untreated diabetic rats (Group 2) showed 
significantly higher levels of fasting blood glucose, fasting 
insulin and HOMA-IR compared to non-diabetic control rats 
(Group 1). However, these levels decreased significantly in 
both protected groups; ARB (Group 3) and ACEI (Group 4) 
compared with untreated diabetic rats (Group 2) although the 
levels remained significantly higher than control rats (Group 1).

Moreover, there was no significant difference in these levels 
between the two protected groups (Group 3 and 4).

As shown in Table 2, the diabetic control group showed 
significantly higher levels of AT2R and ACE2 gene expression 
in cardiac tissue compared to non-diabetic control Group 1. 
Moreover, ACEIs protected rats (Group 4) showed significantly 
higher levels of ACE2 gene expression in cardiac tissue 
compared with diabetic control group, but there was no 
significant change in AT2R gene expression between ACEI 
protected rats (Group 4) and the unprotected diabetic control 
rats (Group 2).

Most interestingly, ARB protected rats (Group 3), showed 
highly significant increase in the level of AT2R and ACE2 gene 
expression in cardiac tissue compared with control Group 1, 
unprotected diabetic group, and the other ACEI protected 
group.

As shown in Table 3, the unprotected diabetic rats (group 2) 
showed significantly lower levels of LV developed pressure 
(LVDP) (mmHg) and dp/dt (mmHg/s) compared to control 
Group 1 but there was no significant difference in the level of 
HR (b/min) between the 2 groups.

Regarding LVDP, both ARB and ACEIs protected rats (Group 3 
and 4) showed significant improvement but still less than the 
control group. As regarding HR, the ARB protected diabetic 
rats Group 3 showed no significant change compared to the 
unprotected diabetic rats Group 2 and the control Group 1. 
However, the ACEIs protected diabetic rats (Group 4) showed 
significantly lower levels of HR compared with the control group 
and the unprotected diabetic rats (Group 2).

Regarding dp/dt, both ARBs and ACEIs protected diabetic rats 
(Group 3 and 4) showed significantly higher values compared 
with the unprotected diabetic rats group that even reached 
values of the control group.

As shown in Table 4, the unprotected diabetic rats (Group 2) 
showed a significant decrease in the level of percentage 
recovery of the LV performance following ischemia-reperfusion 
(developed pressure (mmHg), contractility index dp/dt 
(mmHg/s) and HR (b/min) compared with control Group 1.

Regarding the percentage recovery of LVDP, both protected 
diabetic groups, ARB protected (Group 3) and ACEI protected 
(Group 4) showed significant improvement in the percentage 
recovery of LVDP compared with the untreated diabetic hearts 
with values reaching the control group.

Regarding the percentage recovery of HR, The ARB protected 
diabetic rats (Group 3) showed a significant increase in the level 
of percentage recovery of HR compared to the control Group 1, 
unprotected diabetic rats (Group 2) and to the ACEI protected 
groups (Group 4).

Regarding the percentage recovery of dp/dt, both protected 
diabetic groups (ARB- protected and ACEI- protected) showed 
significantly higher levels of percentage recovery of dp/dt 
following ischemia-reperfusion compared to unprotected 
diabetic rats (Group 2).Table 1: Levels of fasting blood glucose, fasting insulin and 

HOMA-IR test in the four studied groups
Calculated 
parameters

Group 1 Group 2 Group 3 Group 4 P

Glucose 
(mmol/L)

4.81±0.51a 12.14±1.44b 9.26±1.26c 9.50±1.09c 0.00

Insulin 
(uIU/ml)

10.58±0.57a 18.2±2.76b 15.47±1.00c 14.94±2.26c 0.00

HOMA 2.21±0.21a 9.79±2.01b 6.36±1.18c 6.22±1.03c 0.00

Groups bearing the same initials are not statistically significant from 
each other at P<0.05. HOMA-IR: Homeostasis model assessment insulin 
resistance index

Table 2: Levels of AT2R and ACE2 gene expression in cardiac 
tissue in the four studied groups
Calculated 
parameters

Group 1 Group 2 Group 3 Group 4 P

AT2R mg/ml 0.18±0.04a 0.508±0.06b 1.69±0.35c 0.63±0.03bd 0.00
ACE2 mg/ml 0.108±0.031a 0.36±0.085b 1.26±0.37c 0.70±0.11d 0.00

Groups bearing the same initials are not statistically significant 
from each other at P<0.05. AT2R: Angiotensin-II Type 2 receptors, 
ACE2: Angiotensin converting enzyme 2
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Interestingly, the improvement in percentage recovery of 
myocardial performance offered by AT1R blocker, reached 
levels higher than that of control non-diabetic rats (Group 1).

Correlations between Studied Parameters [Table 5]

When Pearson’s correlation was performed in studied groups, 
significant positive correlation was found between the level of 
AT2R expression in cardiac tissue and the percentage recovery 
of the LV performance following ischemia-reperfusion “LVDP 
(r = 0.412**), HR (r = 0.546**) and contractility index dp/dt 
(r = 0.610**) and also, there was significant positive correlation 
between the level of ACE2 expression in cardiac tissue and the 
percentage recovery of the LV performance following ischemia-
reperfusion “LVDP (r = 0.465**) and contractility index dp/dt 
(r = 0.603**) and the percentage recovery the HR (r = 0.624**). 
However, there was no significant correlation between the level 
of AT2R and ACE2 expression in cardiac tissue.

DISCUSSION

The identification of the local cardiac RAS, ACE2 as an 
angiotensin peptide processing enzyme, Mas as a receptor for 
Ang (1-7) and the possibility of Ang II signaling through AT1R 
and AT2R, have contributed to switch our understanding of 
the RAS from the classical limited proteolysis linear cascade 
to a cascade with multiple mediators, multiple receptors, and 
multi-functional enzymes.

Although most studies have addressed RAS over-activation as 
a consequence of diabetes, there is also research supporting a 
hypothesis implicating RAS over-activation as a cause of the 
disease and its cardiovascular complications.

In an attempt to clarify the role played by the RAS in the 
development of diabetes, the present study confirmed the 
protective effect of inhibition of the RAS with either ACEIs 
or ARBs on the development of Type 2 DM following HFD 
+ STZ injection. As shown in Table 1, rats in Group 3 (ARB 
protected group) and Group 4 (ACEI protected group), showed 

significantly lower values of glucose, insulin and HOMA-IR 
compared to diabetic rats (Group 2). However, values did not 
return to control values.

Our results are consistent with several clinical trials showing 
that RAS agents modify the natural course of diabetes itself. In 
this context, it was recently found that the incidence of Type 2 
DM in patients with hypertension or congestive heart failure is 
significantly reduced by the inhibition of the RAS with either 
ACEIs or AT1R blockers [15,16].

In spite of firm clinical data, the mechanisms underlying 
protective effect of RAS blockade appear to be complex and 
have yet to be solved.

Initial reports demonstrated that inhibition of AT1R prevents 
decline of glucose transporter-4 (GLUT-4) in diabetic rat heart, 
and further studies reported that chronic administration of 
ACEIs or AT1R antagonists to insulin-resistant rodents can 
increase protein expression of GLUT-4 in skeletal muscle 

Table 3: Left ventricular performance (developed pressure, contractility index (dp/dt) and HR) during the initial 30 min of 
perfusion in the four studied groups
Calculated parameters Group 1 Group 2 Group 3 Group 4 P

LVDP mmHg 114.56±9.47a 58.44±5.43b 98.33±8.64c 99.78±5.38c 0.00
HR b/min 248.78±109.11a 224.00±46.56a 178.89±24.97ab 134.00±36.67b 0.00
dp/dt mmHg/s 116.44±7.126a 65.78±4.969b 106.78±4.944ac 113.78±9.378a 0.00

Groups bearing the same initials are not statistically significant from each other at P<0.05. LVDP: Left ventricular developed pressure, HR: Heart rate

Table 4: The percentage recovery of the left ventricle performance following ischemia-reperfusion (developed pressure, 
contractility index dp/dt and HR) in the four studied groups
Calculated parameters Group 1 Group 2 Group 3 Group 4 P

LVDP mmHg 78.144±1.93ab 63.456±4.39c 81.178±1.62a 79.556±1.69ab 0.00
HR b/min 77.100±1.90a 65.98±7.14b 86.74±4.02c 80.52±3.49a 0.00
Dp/dt mmHg/s 77.256±2.83a 71.55±4.14b 86.00±2.88c 80.67±1.44a 0.00

Groups bearing the same initials are not statistically significant from each other at P<0.05. LVDP: Left ventricular developed pressure, HR: Heart rate

Table 5: Correlation between the level of AT2R and ACE2 
expression in cardiac tissue with the percentage recovery of 
the left ventricle performance following ischemia-reperfusion 
(developed pressure, contractility index dp/dt and HR)

AT2 ACE2

LVDP % recovery
Pearson correlation 0.412** 0.465**
Significant (2-tailed) 0.001 0.000
N 63 63

HR % recovery
Pearson correlation 0.546** 0.624**
Significant (2-tailed) 0.000 0.000
N 63 63

Dp/dt % recovery
Pearson correlation 0.610** 0.603**
Significant (2-tailed) 0.000 0.000
N 63 63

**Correlation is significant at the 0.05 level (2-tailed). 
AT2R: Angiotensin-II Type 2 receptors, ACE2: Angiotensin converting 
enzyme 2, LVDP: Left ventricular developed pressure, HR: Heart rate
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and myocardium. ACEIs increase GLUT-4 concentration/
translocation and activate hexokinase, one of the major enzymes 
of glucose pathway. These changes are probably secondary to 
activation of the PI3-kinase signaling pathway by enhancing 
tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1) 
and improvement of PI3-kinase-IRS-1 [17,18].

Recently, attention has been focused on the role of ARBs in the 
preservation of pancreatic β-cell function resulting in significant 
reductions in reactive O2 species, protein kinase C (PKC) 
and nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase activities in pancreatic cell islets leading to enhanced 
β-cell survival [16].

It has been postulated that the beneficial effects observed with 
ARBs and ACEIs are mediated through the newly discovered 
member of RAS; Ang (1-7), binding to the G-protein-coupled 
Mas receptor [19], known to inhibit Ang II responses [20]. 
Mas knockout (Mas−/−) mice exhibit many common features 
of metabolic syndrome [21]. Mas−/− mice also exhibit impaired 
insulin sensitivity and glucose tolerance, reduced adipose 
glucose uptake and impaired GLUT4 expression. This study 
clearly demonstrates that loss of the Mas receptor leads to 
metabolic dysfunction and implicates the ACE2/Ang (1-7)/Mas 
receptor axis in the development of insulin resistance.

Chronic diabetes alters the structure and function of the human 
heart, and individuals with DM usually develop a specific 
cardiac dysfunction known as diabetic cardiomyopathy. Several 
mechanisms involved in the development of cardiomyopathy 
have been postulated, including alterations in Ca++ signaling 
pathways and glucose metabolism, enhanced oxidative stress 
and stimulation of local cardiac RAS [22].

In the present study, we examined the effect of induction of 
diabetes on cardiac performance of non-diabetic and diabetic 
rats before and after ischemia reperfusion injury. Table 3 shows 
that in the unprotected diabetic heart (Group 2 rats) there was 
a significant decrease in the LV performance and contractility 
index compared to non-diabetic hearts. On the other hand, 
Table 4 shows that the percentage recovery in diabetic rats was 
significantly lower than non-diabetic hearts.

Several mechanisms have been proposed to explain how all 
of the pathologies involved in the progression of diabetic 
cardiac defects might result from hyperglycemia. It was 
recently reported that these defects may result partially from 
altered local Ca++ signaling due to a dysfunction of cardiac 
protein kinase A mediated ryanodine receptor Ca++ release 
channel. Increased PKC isoform expression and increased 
polyol pathway flux are two main hypotheses presented to 
describe how hyperglycemia might cause all of the diabetic 
complications [23].

Furthermore, it has been demonstrated that hyperglycemia 
activates the local cardiac RAS and enhances Ang II activity in 
diabetes [24]. Ang II may have direct electrophysiological effects 
and could act as an endogenous arrhythmogenic agent [25], 
with mechanisms involving enhanced free radical formation, 

as well as release of sarcoplasmic Ca++ in cardiac myocytes via 
activation of a phosphatidylinositol response [26].

To get further insight on the potential role of RAS activation 
in diabetic heart dysfunction, the present study also examined 
the possible protective effects of RAS blockade by ARBs and 
ACEIs on cardiac performance in diabetic hearts before and 
after ischemia-reperfusion injury.

As shown in Table 3, RAS blockade by ARBs and ACEIs improved 
LV performance significantly (but not to control levels), while 
the contractility index improved to control values in both groups 
of rats pre-treated with ARBs and ACEIs. Moreover, Table 4 
shows significantly higher values in percentage recovery of 
contractility index in ARBs-protected group compared to non-
diabetic and unprotected diabetic hearts.

The present results are consistent with other experimental and 
clinical studies which demonstrated that myocardial ischemia 
induces activation of various components of the RAS in the 
acute phase of myocardial infarction (MI) and the post-
infarction remodeling process [27]. Pharmacological inhibition 
of the RAS by administration of renin inhibitors, ACEIs, 
and ARBs has shown beneficial effects on the pathological 
processes of MI in both experimental animal studies and 
clinical trials [28].

However, the potential mechanisms responsible for the 
cardioprotective effect of RAS inhibition remain unclear.

One proposed mechanism is that ATR density and mRNA 
expression are elevated in the diabetic heart [29]. Blockade of 
the RAS in STZ-treated rats attenuated cardiac dysfunction 
partially through restoration of sarcoplasmic Ca++ handling. In 
a parallel study, blockade of the RAS reversed diabetes-induced 
Ca++ loading of the SR and depletion of ryanodine receptors 
[30].

Most of the cardiovascular effects of Ang II are thought to be 
mediated through the AT1R. The AT1R has been shown to be 
coupled to several post-receptor signaling pathways, including 
NADPH oxidase, generating O2 free radicals, which have 
detrimental effects on the CVS [31].

Selective blockade of AT1R with ARBs results in an elevation 
of the levels of circulating Ang II, which can then stimulate 
the unopposed AT2R [32]. Thus, it is hypothesized that the 
beneficial effects of ARBs may be mediated, at least in part, 
through AT2R activation. However, the exact role of AT2R is 
still an open question.

The level of AT2R in the adult is relatively low and limited 
to certain organs; however, the AT2R is re-expressed and/or 
upregulated under pathophysiological conditions such as in 
patients with ischemic heart disease, heart failure, dilated 
cardiomyopathy and stroke [33].

Furthermore, blocking the formation and action of Ang II by 
ACEIs and ARBs may have beneficial therapeutic outcome 
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in the treatment of CVD through accelerated processing of 
ACE2-Ang(1-7)-Mas axis. It has been recently demonstrated 
that overexpression of Ang (1-7) can attenuate ischemic induced 
cardiac pathophysiology [34].

To test the various hypotheses on the mechanism of action 
of RAS inhibitors in diabetic heart protection, the levels of 
AT2R expression and ACE2 expression in cardiac tissue were 
evaluated in our present study. Interestingly, the unprotected 
diabetic control rats showed significantly higher levels of AT2R 
and ACE2 gene expression in cardiac tissue (compared to those 
of non-diabetic rats).

These results are consistent with several observations and 
experimental evidence showing elevated AT2R and ACE2 
expression at the initial stages of several pathologies including 
DM, which decline with progression of the disease. This might 
indicate a protective role for both AT2R and ACE2 [35].

Interestingly, ARB protected rats, showed significantly higher 
level of AT2R and ACE2 gene expression in cardiac tissue than 
that of control Group 1, unprotected diabetic group, and the 
other ACEI protected group.

ARBs are known to antagonize the effect of Ang II by blocking 
AT1R and also by upregulating the ACE2 expression, thereby 
enhancing Ang 1-7 actions. Our results confirm that both 
AT1R blockade and overexpression of ACE2 resulted in marked 
recovery of myocardiac dysfunction after ischemia-reperfusion 
injury.

Jugdutt and Menon (2004) [36] reported that ARBs significantly 
limited the increase in left atrial pressure, promptly limited 
the deterioration of LV dp/dtmax, dp/dtmin, ejection fraction and 
diastolic function, limited infarct expansion and thinning, and 
limited infarct size in the dog model of ischemia-reperfusion 
injury. In this study, both ARBs increased AT2R protein in the 
post-ischemic-reperfused zone, with no change in AT1R protein.

Le Corvoisier et al. (2010) [37] observed that the treatment with 
either ARBs or ACEIs significantly increased AT2R density in 
the LV of high-salt diet mice.

Dong et al. (2012) [38] reported that the overexpression of 
AT2R exhibit, improved baseline LV systolic function, as well 
as preservation of systolic function after MI.

Qi et al. (2012) [39] demonstrated that moderate cardiac-
selective overexpression of AT2R protects cardiac function and 
attenuates cardiac remodeling post MI. These beneficial effects 
involve restoration of the RAS balance and prevention of the 
upregulation of fibrotic factors (Collagen I and Collagen III).

Taken together, these results suggest that AT2R is upregulated 
in the tissues following injury or insult to somehow reduce 
and/or repair the injured tissue. It is conceivable that the 
endogenous upregulation of AT2R may not be adequate to exert 
any significant beneficial effects, or may only be transient in 
nature and thus not able to restore normal function. There are 

several reports suggesting that AT2R protects cardiac functions, 
or mediates part of the protective effects of AT1R antagonists 
[40,41].

However, there are opposing studies that do not support a 
cardioprotective effect for AT2R overexpression. Chronic 
overexpression of AT2R has been reported to depress 
myocardial contractility in transgenic mice. Other investigators 
have reported that transgenic overexpression of AT2R in 
cardiomyocytes in vivo results in enhanced hypertrophy and 
dilated cardiomyopathy [42].

Cardiac overexpression of ACE2 or Ang (1-7) mediated by 
Lenti-viral vector preserved cardiac functions and attenuated 
LV wall thinning following MI [43]. Whereas, chronic Ang (1-7) 
treatment not only attenuated the development of heart failure 
in the MI model, but also prevented cardiac hypertrophy and 
fibrosis in rats [44].

Although it is now generally accepted that ACE2 plays a role in 
cardiac remodeling, the exact means by which ACE2 activity 
affords cardioprotection are unclear. Potential mechanisms 
include increased Ang II degradation and increased formation 
of Ang (1-7) which activates the G protein–coupled Mas 
receptor. Mas receptor activation by Ang (1-7) opposes many 
of the AT 1R-mediated actions (vasoconstriction, hypertrophy, 
fibrosis), thereby improving cardiac function and remodeling 
and attenuating heart failure. Mas receptors are also localized 
to cardiac myocytes and activate NO production [45].

There are several literature reports that suggest the concept 
that AT2R exerts its protective effects on the heart post MI 
through interacting with ACE2-Ang (1-7)-Mas axis [46]. It 
has also been demonstrated that ACE2 activity or Ang (1-7) 
forming activity directly correlated with AT2R density [47]. 
In addition, ARB (irbesartan) or ACEIs (ramipril) treatment 
significantly increased AT2R density in the LV of high-salt diet 
mice, and the ACEIs induced change was more pronounced 
than that of the ARB.

It has also been suggested that Ang (1-7) may act through 
both AT2R and Mas receptors, as both AT2R antagonist, and 
Mas receptor antagonist abrogated the Ang (1-7)–evoked 
vasoprotection and atheroprotection and the reciprocal changes 
in eNOS and superoxide in a model of atherosclerosis [48]. 
Thus, it is conceivable that Ang (1-7) may be a ligand for the 
AT2R.

The cross talk between ACE2 and AT2R could not be 
confirmed in our study as no correlation was found between 
gene expression of the AT2R and ACE2 in cardiac tissue of all 
studied groups. Further experimentation would be required to 
test this hypothesis.

Based on the above, therapeutic approach that will amplify the 
AT2R in addition to the ACE2-Ang (1-7) axis could provide 
further protection against the development of diabetic CVD. 
It turns out that the merits of currently used drugs – ARBs, 
ACEIs – lay beyond their direct effects on suppression of the 
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ACE-Ang-AT1R axis as they also increase cardiac AT2R, ACE2 
and Ang (1-7) significantly, and shed light on the usually dark 
side of   RAS.
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