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Abstract

Aims Compound 21 (C21), selective AT2 receptor agonist, has cardioprotective effects in experimental models of hyperten-
sion and myocardial infarction. The aims of the study was to evaluate the effect of C21, losartan, or both in Zucker diabetic
fatty (ZDF) rats (type 2 diabetes) on (1) the prevention of myocardial hypertrophy; (2) myocardial expression of phosphatase
and tensin homolog (PTEN), a target gene of miR-30a-3p, involved in myocardial remodelling.

Methods Experiments were performed in ZDF (n=33) and in control Lean (8) rats. From the 6th to the 20th week of age,
we administered C21 (0.3 mg/kg/day) to 8 ZDF rats. 8 ZDF rats were treated with losartan (10 mg/kg/day), 8 rats underwent
combination treatment, C21+ losartan, and 9 ZDF rats were left untreated. Blood glucose and blood pressure were measured
every 4 weeks. At the end of the study the hearts were removed, the apex was cut for the quantification of PTEN mRNA
and miR-30a-3p expression (realtime-PCR). Myocardial hypertrophy was evaluated by histomorphometric analysis, and
nitrotyrosine expression (as marker of oxidative stress) by immunohistochemistry.

Results ZDF rats had higher blood glucose (p <0.0001) with respect to control Lean rats, while blood pressure did not
change. Both parameters were not modified by C21 treatment, while losartan and losartan + C21 reduced blood pressure in
ZDF rats (p <0.05). miR-30a-3p expression was increased in ZDF rats (p <0.01) and PTEN mRNA expression was decreased
(p <0.05). ZDF rats developed myocardial hypertrophy (p <0.01) and increased oxidative stress (p <0.01), both were pre-
vented by C21 or losartan, or combination treatment. C21 or losartan normalized the expression of miR-30a-3p and PTEN.
Conclusions Activation of AT2 receptors or AT1 receptor blockade prevents the development of myocardial hypertrophy in
ZDF rats. This occurs through the modulation of the miR-30a-3p/PTEN interaction.
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Introduction

An “epidemic” of type 2 diabetes is presently ongoing on
Managed by Massimo Porta. a worldwide basis [1, 2]. Cardiovascular complications
remain a major cause of morbility and mortality in diabetic
patients [3, 4]. Diabetic cardiomyopathy is characterized
by functional and structural modifications caused by glyco-
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sion of diabetic cardiomyopathy [5, 6], and drugs acting
on the renin angiotensin system (RAS), by inhibiting the
angiotensin converting enzyme or by blocking the angioten-
sin type 1 (AT1) receptors, are treatments of choice for the
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cardiovascular complications of diabetes [7]. Two membrane
G-protein coupled receptors, AT1 and AT2 receptors, pri-
marily mediate the activity of angiotensin II, the main effec-
tor of the RAS. The pharmacological effects of the blockade
of the AT1 receptors, as occurs with AT1 receptor blockers,
are well-known [8]. AT1 receptor blockers by increasing the
circulating levels of angiotensin II could end up by stimu-
lating the AT?2 receptors, which are generally considered
capable to counteract AT1 receptor mediated effects [9—13].

Compound 21 (C21), a highly selective AT2 receptor
agonist [14], directly stimulates AT?2 receptors, allowing to
investigate the AT2 receptor mediated effects. Cardiomyo-
cytes, myocardial fibroblasts and endothelial cells express
AT?2 receptors, and the AT2 receptor-mediated effects in the
cardiovascular system are complex [15]. C21 administration
improves cardiac function in rat with myocardial infarction
[12], reduces myocardial fibrosis in experimental model
of cyclosporine nephropathy [16], prevents vascular stiff-
ness in an experimental model of N-nitro-L-arginine-methyl
ester-induced hypertension [17] and reduces myocardial and
vascular fibrosis in stroke-prone spontaneously hypertensive
rats [18].

MicroRNAs (miRNAs) are small, non-coding RNAs,
which negatively control gene expression [19-21]. Each
miRNA controls the expression of several genes, which
may have different effects, displaying the complexity of this
regulatory system. Increasing evidence indicate that specific
miRNAs are involved in myocardial remodelling, modulat-
ing fibrosis [22, 23] and/or hypertrophy [22-25].

Among them, members of miR-30 family, which con-
tains five components (miR-30a, miR-30b, miR-30c, miR-
30d, miR-30e), showing different actions depending on their
modulation and on target genes [26], are involved in myocar-
dial fibrosis in high renin hypertension [22], in angiotensin
II-induced myocardial hypertrophy [27], and in pressure-
overload hypertrophy [27, 28].

Our experiments aimed to ascertain whether in Zucker
diabetic fatty rats, a well-known experimental model of type
2 diabetes [29, 30], C21 administration had cardioprotective
effects and to investigate the potential role of miR-30a-3p in
myocardial remodelling.

Methods
Experimental protocol

Animal husbandry handled in conformity with the Insti-
tutional Guidelines in compliance with National laws and
policies (D.L.n. 116, Gazzetta Ufficiale della Repubblica
Italiana, suppl.40, Feb.18, 1992) and experiments were
performed in accordance with the Guide for the Care and
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Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996).

Conscious male Zucker Diabetic Fatty rats and control
lean (5—6 week old, Charles River, Calco, Italy) were indi-
vidually housed in a temperature-controlled room (22 °C)
with a 12:12 light—dark cycle and allowed to accustom with
the experimental procedures. Animals had free access to
high protein diet (Formulab Diet 5008) and tap water [31].

At 5-6 weeks of age, before the onset of hyperglycemia
in ZDF rats, and once a month, body weight (BW, g) and
blood glucose (mg/dl, OneTouch Ultra system, LifeScan
Inc, Milpitas CA, USA) were measured. C21 (0.3 mg/kg/
day, intraperitoneal injection; n=8; Vicore Pharma. Swe-
den) or losartan (Los, 10 mg/kg/day, in drinking water;
n==_8) or combination treatment C21 + losartan (n=8) were
administered to ZDF rats for 15 weeks. A group of ZDF rats
(n=9) and control Lean (n=8) were maintained without
any treatment. At the end of the experimental protocol the
rats were euthanized with an overdose of anesthesia (sodium
pentobarbital). Systolic blood pressure (SBP, mmHg) was
measured monthly according to the tail cuff method (aver-
age of 6 recordings. BP Recorder, Ugo Basile Instruments,
Italy) by an investigator who was unaware of the specific
treatments [31].

After the sacrifice, the hearts were immediately excised
and weighted. The apex of the heart was cutted, frozen
in liquid nitrogen and stored at —80 °C until miRNA
and total RNA extraction. The heart, sectioned into three
transverse slices from the apex to the base, was fixed with
10% formalin, embedded in paraffin and used for light
microscopic examination and morphometric analysis of
myocardial hypertrophy and nitrotyrosine expression by
immunohistochemistry.

Histological analysis and morphometric evaluation
of myocardial hypertrophy

For all rats the transversal cardiac sections (4 um) were
deparaffinized, rehydrated, and stained with hematoxy-
lin—eosin (H&E). Changes in cardiac morphology were
assessed by light microscopic analysis of sections for each
group studied. A computerized digital camera (Olympus
Camedia 5050, Olympus Inc., Tokyo, Japan) was used to
capture 5 Mp (24 bit color depth) 10 images (X400 magnifi-
cation) of left ventricular myocardium, including ventricular
septum (stored as JPG files), and analyzed for morphometric
evaluation of myocardial hypertrophy with a computerized
imaging software (ImageJ, NIH, Bethesda, Maryland). Myo-
cardial hypertrophy was evaluated in 100 cardiomyocytes
transversally sectioned and expressed as the ratio between
nuclear area and cell area.
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Immunohistochemical evaluation of myocardial
nitrotyrosine expression

Immunohistochemical evaluation was performed on consec-
utive sections (3 um) of formalin fixed, paraffin embedded
cardiac tissue. Sections were deparaffinized in xylene and
rehydrated through graded alcohol series. Endogenous per-
oxidase activity was blocked by 3% hydrogen peroxide. The
sections were treated by boiling in citrate buffer (0.01 mol/l,
pH 6) in microwave (750 W), and incubated over night at
4 °C with primary antibody anti Nitrotyrosine (1:150, anti-
rabbit polyclonal antibody, ab42789, Abcam Cambridge,
UK). The reaction was amplified with LSAB2 4+ System-
HRP (Dako, CA, USA). A positive immunoreaction was
identified after incubation with DAB (Dako, Glostrup,
Danimarca) counterstaining with Mayer haematoxylin.
Negative controls were obtained omitting the primary anti-
body. Sections were analyzed using a Leica microscope
(Leitz Camera). Two independent pathologists, blinded to
the treatment, observed the immunostaining with a Leica
microscope (Leitz Camera) and, subsequently, for each rat,
5-Mp (24-bit colour depth) images (X 400 magnification)
were captured by a computerized digital camera (Olympus
Camedia 5050, Olympus). Immunostaining was quantified
by a pathologist, using a computerized imaging software
(ImagelJ, NIH), in automated fashion in 20 fields, randomly
selected from each section. Nitrotyrosine immunostaining
was expressed as percentage (ratio between immunostaining
area and total area).

miRNA and total RNA extraction and real-time PCR

The miRNAs and total RNA were extracted from rat heart
using Mirvana kit (Ambion, Applied Biosystems, Fos-
ter City, CA), according to the manufacturer’s protocol.
TagMan microRNA assays (Applied Biosystems) that
include miRNA-specific RT primers and TagMan probes
were used to quantify the expression of mature miRNAs. In
brief, reverse transcriptase reactions (TagMan MicroRNA
Reverse Transcription Kit, Foster City, CA) containing 1 ng
of small RNA, 3 pul stem—loop RT primer, 1.5 pl RT buffer,
0.15 pl ANTP mix, 1 pl MultiScribe reverse, and 0.19 pl
RNase inhibitor were performed. The 15 pl reactions were
incubated for 30 min at 16 °C, 30 min at 42 °C, and 5 min
at 85 °C. The miR-30a-3p and U87 (Applied Biosystems)
were evaluated by real-time PCR using the ABI PRISM
7900 Sequence Detection System (Applied Biosystems).
The 15 pl PCR included 2 pl reverse transcription prod-
uct, 10 pl of 2x TagMan Universal PCR Master Mix and
the specific 20x TagMan MicroRNA Assay. The reactions
were incubated at 95 °C for 10 min, followed by 40 cycles
of 95 °C for 15 s and 60 °C for 60 s. All reactions were
performed in duplicate. Expression levels were normalized

to U87 expression, used as reference, following the 2™ AACt
formula, as previously described [23].

The mRNA expression of Phosphatase and Tensin homo-
logue (PTEN) and GAPDH, used as reference gene, was
evaluated by quantitative real-time PCR using the TagMan
Realtime ABI Prism 7900 HT Sequence Detection System
(Applied Biosystems). PTEN mRNA and GAPDH expres-
sion was evaluated using the Assay-on-Demand Gene
Expression Product (Applied Biosystem), following the
manufacturer’s instructions, as previously described [32].
Values are reported as PTEN/GAPDH mRNA ratio and
expressed in arbitrary units.

Bioinformatic analysis

TargetScan v.7.2 (http://www.targetscan.org/), miRDB
(http://www.mirdb.org), Mirwalk 3.0 (http://mirwalk.umm.
uni-heidelberg.de/) and Tarbase v.7.0 (http://diana.imis.
athena-innovation.gr) software were used to investigate
miR-30a-3p targets.

Statistical analysis

Data are presented as means + standard error of the mean
(SEM). Differences among the groups of rats (control Lean
rats, ZDF rats, ZDF rats+ C21, ZDF rats + losartan, ZDF
rats + C21 +losartan) for blood glucose, systolic blood pres-
sure, body weight, heart/body weight, myocardial hyper-
trophy, nitrotyrosine expression, miR-30a-3p expression,
and PTEN mRNA expression were assessed with the use
of analysis of variance (ANOVA) followed by the Fisher’s
protected least-significant test for post-hoc comparisons.
Differences between means were considered significant at
p<0.05.

Results

Effects of Compound 21 and losartan on blood
glucose, systolic blood pressure, myocardial
hypertrophy and nitrotyrosine expression

At the end of the experimental period blood glucose lev-
els were significantly higher in diabetic rats (Table 1) and
were not modified by Compound 21 or losartan treatment
(Table 1). Blood pressure was similar in control Lean and
ZDF rats, and was not significantly modified by C21 treat-
ment (Table 1), while losartan treatment, alone or in com-
bination with C21 caused a detectable reduction (Table 1).
Body weight and heart/body weight ratio were not signifi-
cantly modified in ZDF rats and in ZDF rats treated or not
with C21 or losartan or losartan + C21 combination with
respect to control Lean rats (Table 1).
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Table 1 Blood glucose levels (mg/dl), systolic blood pressure (SBP, mmHg), body weight (g), and heart/body weight ratio (heart/BW, mg/g) in
control Lean, ZDF, ZDF + C21, ZDF + losartan, ZDF 4+ C21 +losartan treated rats at the end of the experimental period

Lean ZDF ZDF+C21 ZDF+Los ZDF+C21 +Los
Blood glucose, mg/dl 145.0+9.4 563.1+14.4°% 539.2+30.3 585.5+3.6° 580.0+21.4%
Systolic blood pressure, mmHg 141.0+2.4 148.7+1.2 144.6+6.4 132.3+2.0* 130.6 +4.3*
Body weight, g 414.1+9.9 409.2+7.8 443.0+22.7 440.1+16.3 437.1+15.3
Heart/body weight, mg/g 2.961+0.17 2.817+0.11 2.837+0.11 2.557+0.04 2.656+0.83

Data are mean + SEM
*p <0.05 vs. ZDF and ZDF + C21 rats
$p <0.0001 vs. Lean rats

At the end of the experimental period ZDF rats devel-
oped myocardial hypertrophy (Fig. 1a, b), while adminis-
tration of C21 or losartan or losartan + C21 combination
prevented the onset of myocardial hypertrophy in ZDF
rats. In our experimental model, the presence of myocar-
dial hypertrophy was evaluated by histomorphometric
techniques, which are more sensitive than the heart/body

A Lean ZDF

ZDF+C21

weight ratio to evaluate the initial changes in cardiomyo-
cytes that characterize hypertrophy.

Nitrotyrosine expression, marker of oxidative stress, in
myocardial tissue was increased in ZDF rats, but not in ZDF
rats treated with C21 or losartan or losartan + C21 combina-
tion (Fig. 2a, b), indicating that both AT1 receptor block-
ade and AT2 receptor stimulation, alone or in combination,
counteract myocardial oxidative stress in diabetic rats.

ZDF+Los

ZDF+C21+Los

0,05

Nuclear / total cardiomyocyte area

Lean

Fig.1 Effect of C21 and losartan administration on myocardial
hypertrophy in ZDF rats. a Representative images of histological
transverse sections (stained with EE) and related microscopic fields
that show left ventricular hypertrophy with related enlarged cardio-
myocyte nuclei (EE, 40x) in ZDF rats as compared to control Lean,
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ZDF+C21

ZDF+C21
+Los

ZDF+Los

ZDF+C21, ZDF+losartan and ZDF+ C21+losartan treated rats.
C21, losartan and co-administration of C21 plus losartan prevented
the development of myocardial hypertrophy in ZDF rats. b Quantifi-
cation of myocardial hypertrophy in the different groups of rats. Data
are means + SEM. *p <0.01 vs. other groups
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Fig.2 Effects of C21 and losartan treatment on myocardial nitro-
tyrosine expression in ZDF rats. a Representative immunohisto-
chemistry photomicrographs of nitrotyrosine expression in control
Lean, ZDF, ZDF+C21, ZDF +losartan, and ZDF+ C21 +losartan
treated rats (original magnification 40X). Immunostaining (cytoplas-
mic brownish staining) shows a significant increase in nitrotyrosine

Effects of C21 and losartan on myocardial
miR-30a-3p and PTEN mRNA expression

Myocardial miR-30a-3p expression, evaluated by real-time
PCR, was increased in ZDF rats with respect to control Lean
rats, while in ZDF rats treated with C21 or losartan or losar-
tan + C21, myocardial miR-30a-3p was similar to control
Lean rats (Fig. 3).

Real-time PCR experiments demonstrated that myocar-
dial PTEN mRNA expression, target of miR-30a-3p [33],
was decreased in ZDF rats with respect to control Lean rats.
This effect was blocked by C21 or losartan treatment, alone
or in combination, in ZDF rats (Fig. 3).

Discussion

The results of this study demonstrate that C21 adminis-
tration prevented the onset of myocardial hypertrophy in
diabetic rats. Activation of AT2 receptors in ZDF rats, by

expression in ZDF rats as compared to control Lean, while C21 or
losartan or C21+losartan treatments caused a reduction of nitroty-
rosine expression as compared to ZDF rats. b Quantification of myo-
cardial nitrotyrosine expression in the different groups of rats. Data
are means+SEM. *p<0.01 vs. Lean rats, #p<0.01 vs. ZDF rats,
89 <0.05 vs. ZDF rats

C21 administration, is as effective as the blockade of AT1
receptors (losartan treatment) in the prevention of myocar-
dial hypertrophy. Since the single treatment with C21 or
losartan is able to prevent the development of hypertrophy in
our experimental model, it is not surprising that combination
therapy, which showed additive effects in other experimental
setting, as in reducing albuminuria in diabetic nephropathy
[31], or in reducing interstitial myocardial collagen content
in stroke prone spontaneously hypertensive rats [ 18], did not
have additive effect in the prevention of myocardial hyper-
trophy in Zucker diabetic rats. In addition, these data dem-
onstrate that miR-30a-3p expression increased in the hearts
of Zucker diabetic rats, while the expression of PTEN, a
phosphatase involved in the myocardial hypertrophy through
PI3K-AKT pathway and molecular target of miR-30a-3p
[33], showed a reduction.

Activation of AT?2 receptors, using C21 administration,
or the blockade of AT1 receptors with losartan, alone or in
combination, were effective in the prevention of myocardial
hypertrophy in diabetic rats. The cardioprotective effects of
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Fig.3 Effects of C21 and losartan administration on myocardial
miR-30a-3p and PTEN mRNA expression in ZDF rats. a Myocardial
miR-30a-3p expression was significantly up-regulated in ZDF rats
with respect to control Lean rats. C21 or losartan treatment, alone
or in combination, prevented the increase of myocardial miR-30a-3p
expression in ZDF rats. Data are mean+SEM. *p <0.01 vs. control

AT?2 receptor stimulation occurred in the absence of blood
glucose or blood pressure modifications, which are the main
factors promoting cardiomyopathy in diabetes. The antihy-
pertrophic effect of C21 was similar to that observed with
losartan treatment, which also caused a reduction in blood
pressure. In fact, as expected, even if in our experimental
conditions blood pressure did not increase in diabetic rats
at 20 weeks of age, losartan treatment, alone or in combina-
tion with C21, caused a reduction in blood pressure, which
might play a role in mediating the cardioprotective effects
of AT1 blockade.

Activation of the renin-angiotensin system plays a role
in diabetic cardiomyopathy [5, 6] and drugs acting on the
renin angiotensin system, as ACE inhibitors or AT1 recep-
tors blockers, are the main tools to counteract this diabetic
complication. Hyperglycemia causes an increase of oxida-
tive stress leading to a direct cardiomyocyte damage [34].
In our experimental conditions, nitrotyrosine expression, a
marker of oxidative stress, was increased in the cardiomyo-
cytes of Zucker diabetic rats when compared to control Lean
rats. Both C21 and losartan treatment prevented the increase
of oxidative stress in myocardial tissue in Zucker diabetic
rats. Since no treatment was planned to correct hypergly-
cemia in the original design of the protocol, the increased
expression of nitrotyrosine and the development of myocar-
dial hypertrophy are reasonably sustained by hyperglycemia,
i.e. by metabolic factors, while we can rule out a systemic
hemodynamic effect, as blood pressure was not modified in
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Lean rats, 5p <0.05 vs. ZDF rats. b Myocardial PTEN mRNA expres-
sion was significantly down-regulated in ZDF rats with respect to
control Lean rats. C21 or losartan treatment, alone or in combination,
caused an increase of myocardial PTEN expression in ZDF rats. Data
are mean + SEM. *p <0.05 vs. Lean rats, 3p <0.01 vs. ZDF rats

ZDF rats in our experimental conditions. Experimental data
showed that AT2 receptor stimulation, alone or in combi-
nation with AT1 receptor blockade, has positive effects in
case of metabolic disorders [35]. In some conditions the
activation of AT2 receptors may exceed the effect of the
blockade of AT1 receptors. In high-fat/high fructose fed rats,
a model of diet-induced insulin resistance, both AT?2 recep-
tor stimulation with C21/M24 and AT1 receptor blockade
with losartan restored normal adipocyte size distribution and
reduced high fat/high fructose diet-induced insulin resist-
ance [36]. Interestingly, AT2 receptor stimulation, but not
AT1 receptor blockade, showed a tendency to reduce fasting
triglyceride levels in high fat/high fructose fed rats, while
caused a significant reduction of triglycerides in control diet
fed rats [36]. In line with these data, we can hypothesize that
in our study the cardioprotective effects of the AT2 recep-
tor stimulation, alone or in combination with AT1 receptor
blockade, may be due at least in part to a better control of
the lipid profile, as we have previously shown in the same
experimental model of diabetes [31].

In type 2 diabetic mice it has also been demonstrated
that AT2 receptor stimulation reduced serum TNF-o and
increased adiponectin levels [37]. AT2 receptor stimulation
was also able to ameliorate streptozotocin-induced diabetes
by protecting pancreatic islets via antioxidative mechanisms
[38].

miRNAs, non coding RNAs with an important role
in the regulation of gene expression, are involved in the
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development of diabetic complications [39, 40]. In the pre-
sent study, in the hearts of diabetic rats we have observed
an increased expression of miR-30a-3p, member of miR-
30 family, which is involved in neoplastic proliferation,
invasiveness and metastasis [41], myocardial remodelling
[22] and apoptosis [41, 42]. In ZDF rats treated with C21
or losartan, which did not develop myocardial hypertrophy,
miR-30a-3p expression did not increase, suggesting a role
of miR-30a-3p in myocardial hypertrophy in diabetic rats. In
the heart of diabetic rats, we have evaluated PTEN mRNA
expression, a phosphatase involved in PI3K-AKT signal-
ling [43]. PTEN is a molecular target of miR-30a-3p [33],
and acts as negative regulator of the PI3K system. A link
between the activation of AT2 receptors and PI3K signalling
or NO/cyclic guanosine monophosphate (cGMP) pathway
has been previously described and implicated in cardiovas-
cular protective effects in hypertension [44, 45]. In obesity
PI3K signalling pathway was shown to modulate Ca2+ han-
dling and vasoconstriction in mesenteric arteries from obese
Zucker rats [46]. Even if an in-depth investigation of PI3K/
AKT or NO/cGMP signalling pathways exceeds the pur-
pose of this study, our results, by demonstrating a normali-
zation of myocardial PTEN and nitrotyrosine expression,
support the role of these pathways in the cardioprotective
effects of both AT?2 receptor stimulation and AT1 recep-
tor blockade in Zucker diabetes rats. In the hearts of ZDF
rats PTEN mRNA expression was decreased with respect
to control Lean rats, while C21 or losartan treatment pre-
vented the decrease of PTEN expression, suggesting that the
anti-hypertrophic effect caused by C21 or losartan treatment
might be mediated also by the modulation of miR-30a-3p/
PTEN interaction. Taken together, these data demonstrate
that AT2 receptor stimulation prevented the development of
myocardial hypertrophy in diabetic rats and the similarities
with the effects observed in diabetic rats treated with losar-
tan allows to hypothesize that this cardioprotective action is
equivalent to that obtained by AT1 receptor blockers, which
represent at the moment the drugs of choice to treat diabetic
cardiomyopathy. Consequently, the results of this study sug-
gest that activation of AT?2 receptors by modulation of miR-
30a-3p/PTEN and the reduction of oxidative stress could
represent a therapeutic strategy to counteract the develop-
ment of myocardial hypertrophy in the presence of diabetes.
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