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Angiotensin-(1-9) attenuates adriamycin-induced cardiomyopathy
in rats via the angiotensin type 2 receptor
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Abstract

Adriamycin (ADR) causes irreversible damage to the heart, leading to ADR-induced cardiomyopathy (ACM). Angioten-
sin-(1-9) [Ang-(1-9)] is a peptide from the counter-regulatory renin-angiotensin system, but the effects on ACM is unclear.
Our study was aimed to explore the effects and underlying molecular mechanisms of Ang-(1-9) against ACM in Wistar rats.
Rats were injected intraperitoneally with ADR via six equal doses (each containing 2.5 mg/kg) within a period of 2 weeks
to induce ACM. After 2 weeks of ADR treatment, the rats were treated with Ang-(1-9) (200 ng/kg/min) or angiotensin type
2 receptor (AT2R) antagonist PD123319 (100 ng/kg/min) for 4 weeks. Although Ang-(1-9) treatment did not influence
blood pressure, it significantly improved left ventricular function and remodeling in ADR-treated rats, by inhibiting collagen
deposition, the expression of TGF-f1, inflammatory response, cardiomyocyte apoptosis and oxidative stress. Moreover, Ang-
(1-9) reduced ERK1/2 and P38 MAPK phosphorylation. The therapeutic effects of Ang-(1-9) were blocked by the AT2R
antagonist PD123319, which also offset the down-regulation protein expression of pERK1/2 and pP38 MAPK induced by
Ang-(1-9). These data suggest that Ang-(1-9) improved left ventricular function and remodeling in ADR-treated rats by an
AT2R/ ERK1/2 and P38 MAPK-dependent mechanism. Thus, the Ang-(1-9)/AT2R axis may provide a novel and promising

target to the prevention and treatment of ACM.
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Introduction

Adriamycin (ADR), under the brand name doxorubicin, is
one of the most effective antitumor drugs with broad anti-
tumor spectrum and strong anti-tumor activity, and is widely
used in the treatment of hematogenous and solid cancers
in clinic. However, this drug can cause dosage-dependent
cardiotoxicity, which limits the clinic administration of
ADR in pediatric, adult, and recurrent cancer patients.
Patients receiving long-term ADR therapies develop car-
diac dysfunction even at a lower dosage [1]; the incidence
of congestive heart failure was approximately 26% when
patients received ADR at a cumulative dose over 550 mg/
m?. Adriamycin-induced cardiomyopathy (ACM) caused by
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ADR is characterized by cardiomyocyte loss, progressive
cardiac enlargement, and ultimately congestive heart failure.
Previous publications indicated that multiple mechanisms
have been shown to be involved in ACM, including oxida-
tive stress, myocardial fibrosis, inflammation, apoptosis and
mitochondrial disruption [2], however the exact mechanism
is indistinct. In addition, there is no specific evidence-based
treatment of ACM. Therefore, exploring novel promising
targets for ACM treatment and uncovering the underlying
mechanism is urgently needed.

Angiotensin-(1-9) [Ang-(1-9)] is a nine-amino acid pep-
tide of the non-canonical renin-angiotensin system (RAS)
produced from Ang I by the monopeptidase angiotensin-
converting enzyme type 2 (ACE2) [3], which also produces
Ang-(1-7) from Ang II hydrolysis. Moreover, Ang-(1-7) can
be synthesized from Ang-(1-9) through the action of ACE
[4]. Ang-(1-7) is proposed to function via the G-protein-
coupled receptor Mas [5]. ACE2, Ang-(1-7), Mas receptor
and Ang-(1-9) are considered the counter-regulatory arm
of RAS and has been shown to counteract the effects of the
classical RAS [6]. The classic RAS pathway converts the
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cleavage of the peptide angiotensinogen into angiotensin I
under the protease renin [7]. Then, ACE hydrolyze Ang I
to form Ang II, which contributes to the pathophysiology
of cardiovascular disease and induces aldosterone release
through AT1R. Studies demonstrated that Ang-(1-9) could
inhibit myocardial hypertrophy induced by norepinephrine
or Ang II [8, 9]. In the stroke-prone spontaneously hyperten-
sive rat, Ang-(1-9) improve endothelial function and reduce
oxidative stress, collagen deposition and cardiac fibrosis
[10]. Furthermore, gene therapy with Ang-(1-9) prevented
sudden cardiac death and greatly preserved left ventricular
systolic function after myocardial infarction [11]. Similar
favorable effects for Ang-(1-9) were reported in strepto-
zotocin-induced diabetic rats, and Ang 1-9 suppressed the
oxidative stress and the generation of pro-inflammatory
cytokines in the myocardium [12]. Ang-(1-9) has significant
cardiovascular bioactivity in vivo and in vitro by activating
angiotensin receptor type 2 (AT2R) [4, 9, 10]. The protec-
tive effects of Ang-(1-9) on cardiovascular disease were not
dependent on Ang-(1-9) to Ang-(1-7) conversion, because
co-treatment of the Mas receptor antagonist A779 did not
impact on the effects of Ang-(1-9) [13]. Moreover, the Ang-
(1-9)/AT2R axis should be investigated as a new alternative
for treatment of cardiovascular disease.

In the current study, we hypothesized that Ang-(1-9)
may improve cardiac function of rats with ACM via through
AT?2R-dependent mechanisms. Based on this hypothesis, we
determined investigate the therapeutic effect of Ang-(1-9)
on ACM, including myocardial fibrosis, inflammation, apop-
tosis and oxidative stress.

Materials and methods
Animal model

All animal experimental procedures were performed accord-
ing to the recommendations in U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH publication no. 8523 revised 1996). All male Wistar
rats (8—10 weeks of age, 250-300 g body weight) were
housed in temperature-controlled and humidity-controlled
cages with a 12 h light and 12 h dark cycle and given free
access to water and food. The cages were kept clean and dry.
The animal protocol was approved by the Ethics Committee
of the Affiliated Hospital of Qingdao University.

All rats were randomly divided into 2 groups: the control
group (n=15) and the treatment group (n=150). As previ-
ously described [14], ADR (Sigma, Saint Louis, USA) was
injected intraperitoneally (i.p.) via six equal doses (each con-
taining 2.5 mg/kg ADR) to rats in the treatment group within
a period of 2 weeks for a total cumulative dose of 15 mg/
kg body weight. Control rats received saline injections in
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the same regimen as ADR. Two weeks later the surviving
rats (n=144) in the treatment group were randomly divided
into 3 groups (n=48 per group): the mock group, the Ang-
(1-9) group and the Ang-(1-9)+PD123319 group. All rats
in these three groups were anesthetized with 2% isofluorane
in 1.5 L/min O, and implanted Alzet osmatic minipumps
(Cupertino, California, USA) to deliver saline vehicle in
the mock group, Ang-(1-9) (Phoenix Pharmaceuticals,
Burlingame, CA, USA, 200 ng/kg/min) in the Ang-(1-9)
group and Ang-(1-9) (200 ng/kg/min) + angiotensin type 2
receptor (AT2R) antagonist PD123319 (Sigma, St Louis,
MO, USA, 100 ng/kg/min) in the Ang-(1-9)+PD123319
group for 28 days. At the end of experiment, all rats were
sacrificed under anesthesia. The hearts of rats were extracted
for further morphological and histological studies.

Body weight, heart weight and blood pressure
measurement

The body weights (BW) and heart weights (HW) were meas-
ured in rats using an electronic scale (Seca Company, Ger-
many) at the end of the experiment.

Systolic blood pressure (sBP) and diastolic blood pres-
sure (dBP) of the conscious rats in the four groups were
obtained by a noninvasive tail-cuff system (Softron BP-98A.
Tokyo, Japan). The same operator measured blood pressure
between 8:00 and 10:00 am and recorded it as the average
of three consecutive measurements.

Echocardiography

At the end of experiment, transthoracic echocardiographic
scanning was performed in rats anesthetized with 1.5%
isoflurane using Vevo2100 high-resolution imaging system
(VisualSonics, Toronto, Canada). Echocardiographers
were blinded to the animals’ identity. Left ventricular end-
systolic diameter (LVESD), Left ventricular end-diastolic
diameter (LVEDD), interventricular septum thickness
(IVS), left ventricular posterior wall thickness (LVPW)
were measured by M-mode echocardiography of the
LV at the level of the papillary muscles. Left ventricular
ejection fraction (LVEF) was calculated using the formula:
LVEF=(LVEDV —LVESV)/LVEDV x 100. Left ventricular
end-diastolic volume (LVEDV) and left ventricular end-
systolic volume (LVESV) were also calculated by the
formula. Fractional shortening (FS) was calculated using
the formula: FS =(LVEDD — LVESD)/ LVEDD X 100. The
early (E) and late (A) diastolic mitral flow velocities were
measured by pulsed Doppler in the four-chamber view and
the ratio of E/A was calculated. All measurements represent
the mean of 6 consecutive cardiac cycles.
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Histopathology and immunohistochemistry

Freshly isolated hearts were fixed in 10% formalin, paraffin-
embedded, and cut into serial sections 4 pm thick. The sec-
tions of myocardial tissue were dewaxed, rehydrated and
stained with hematoxylin—eosin to display cardiomyocyte
morphology. Masson’s trichrome staining was performed to
detect myocardial fibrosis. The collagen components were
expressed as the proportion of area positively stained with
Masson’s trichrome to the total left ventricular area in the
section. The collagen I and III, VCAM-1 and IL-6 protein
expressions in the myocardium were detected by immuno-
histochemical staining. The sections were incubated with
corresponding primary antibodies against collagen I (1:100;
Abcam), collagen III (1:50; Abcam), VCAM-1 (1:100;
Abcam) and IL-6 (1:100; Abcam) overnight at 4 °C, and
subsequently incubated with secondary antibody for 30 min
at 37 °C. Then sections were stained with diaminobenzidine
and hematoxylin. The images from all histopathological sec-
tions were obtained with a microscope (BX41, Olympus).
Positive areas were measured with Image Pro Plus software
(Media Cybernetics Inc.).

Western blot analysis

Total proteins from myocardial tissues were separated
by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking nonspecific proteins
with 5% skim milk for 1.5 h at room temperature, the
PVDF membranes were incubated with different primary
antibodies overnight at 4 °C. The specific primary anti-
bodies included collagen I (1:1000; Abcam, UK), collagen
IIT (1:1000; Abcam, UK), TGF-p1 (1:1000; Abcam, UK),
B-actin (1:1000; Cell Signaling Technology (CST), USA),
CD68 (1:1000; CST, USA), ICAM-1 (1:1000; Abcam,
UK), TNF-a (1:1000; Abcam, UK), pERK1/2 (1:800; CST,
USA), ERK1/2 (1:800; CST, USA), pP38 (1:1000; CST,
USA), P38 (1:1000; CST, USA), Bcl-2 (1:1000; Abcam,
UK), c-caspase3 (1:1000; Abcam, UK), caspase3 (1:1000;
Abcam, UK), P47 (1:500; Santa Cruz Biotechnology, USA),
NOX4 (1:1000; Abcam, USA), AT2R (1:1000; Abcam, UK).
Then, all membranes were washed and incubated with horse-
radish peroxidase-conjugated secondary antibody (1:5000,
Proteintech, Wuhan, China) for 1 h at room temperature.
The protein bands were visualized by use of an enhanced
chemiluminescence reagent (Millipore Corp., MA, USA).
The levels of protein expression were normalized to that of
B-actin.

TUNEL staining

Apoptosis of myocardial samples was measured by TUNEL
staining using the In Situ Cell Death Detection Kit, TMR red

(Roche, Germany) according to the manufacturer’s instruc-
tions. The paraffin-embedded sections of myocardial tissue
were dewaxed and rehydrated using xylene and ethanol grad-
ings, incubated with proteinase K working solution, washed
by PBS for 2 times, and then treated for 1 h at 37 °C with
the TUNEL reaction mixture containing TdT and fluorescein
labeled dUTP. Sections were washed by PBS for 3 times
and stained with DAPI to show cellular nuclei for 10 min at
37 °C. The images were obtained with a fluorescence micro-
scope (Ni-E, Nikon, Japan) using an excitation wavelength.
The ratio of apoptosis was expressed as the proportion of
apoptotic cells to the total number of cardiomyocytes.

NOX activity assay

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) activity in myocardial homogenate samples
was measured according to the method using an assay kit
(Solarbio, Beijing, China). NOX oxidized NADPH to NAD,
and the oxidation of NADPH was coupled with the reduc-
tion of 2,6 dichlorophenol indigo (DCPIP). The blue DCPIP
was reduced to colorless DCPIP. The reduction rate of blue
DCPIP at 600 nm was measured to calculate the activity of
NOX.

SOD activity assay

The activity of superoxide dismutase (SOD) in the myo-
cardium of rats was determined using an assay kit (WST-
1; Beijing, Solarbio, China) following the manufacturer’s
instructions. SOD catalyzed the dismutation of the super-
oxide anion (O2-) into hydrogen peroxide and molecular
oxygen. 02— was generated through the reaction system of
xanthine and xanthine oxidase, and it acted with WST-1 to
produce a water-soluble yellow formazan dye which can be
detected by a spectrophotometer in absorbance at 450 nm.
The SOD activity was expressed as IU/mg protein.

RNA extraction and real-time quantitative PCR

Freshly isolated heart samples from the rats of four groups
was homogenized and total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA). according to the manu-
facturer’s instruction. The concentrations of total RNA were
detected by the absorbance at 260 nm using a spectropho-
tometer. The mRNA expression of myocardial AT2R and
[-actin was determined by real-time quantitative PCR, which
was performed with the Applied Biosystems cDNA Reverse
Transcription and Takara SYBR RT-PCR kits (Applied
Biosystems, Life Technologies). The primer sequences for
AT?2R and B-actin genes were listed as follows: AT2R, for-
ward: 5'-TGGCTTGTCTGTCCTCAT-3', reverse: 5'-AGA
CTTGGTCACGG GTAA-3'; p-actin, forward 5'-TGTTGC
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CCTAGACTTCGAGCA-3', reverse 5'-GGACCCAGGAAG
GAAGGCT-3'". Quantitative values were obtained using the
threshold cycle value (Ct) and the levels of relative mRNA
expression were determined by the 2724€T method.

Statistical analysis

Continuous data were reported as mean =+ standard error
(SEM). One-way ANOVA with Post hoc Tukey tests was
used to compare parameters among more than two groups.
Statistical analyses were determined using SPSS 21.0 (SPSS
Inc., Chicago, IL). P value < 0.05 was considered statisti-
cally significant.

Results
Animal basic characteristics

Body weight (BW), heart weight (HW), systolic blood pres-
sure (sBP) and diastolic blood pressure (dBP) were remark-
ably lower in Mock group rats relative to those in the Control
group. Compared with the Mock group, treatment with Ang-
(1-9) only significantly increased HW, but had no effect on
the other three measures. Co-administration of the AT2R
blocker PD123319 abolished the effect of Ang-(1-9) on HW
(Table 1).

Cardiac function

Echocardiographic measurements of LVEF, FS and E/A
ratio were remarkably decreased whereas LVESD and
LVEDD were increased in the Mock group compared with
the Control group (Fig. 1 A-F). However, these echocardio-
graphic values were all reversed in the Ang-(1-9) group as
compared with the Mock group. In addition, PD123319 co-
treatment with Ang-(1-9) increased values of LVESD and
LVEDD and decreased that of LVEF, FS and E/A ratio rela-
tive to the Ang-(1-9) group. Thus, Ang-(1-9) ameliorated
left ventricular remodeling and rescued systolic and diastolic
function in rats with ADR treatment, while PD123319 abol-
ished the effects of Ang-(1-9) on ACM in rats.

Pathological changes

Relative to the Control group, rats of the Mock group exhib-
ited significant inflammatory cells invasion, loss of myofi-
brils and disorganization under H&E staining (Fig. 1G). In
contrast, these abnormalities in myocardial morphology
were largely reversed by Ang-(1-9) treatment. Co-adminis-
tration of the PD123319 abolished the effect of Ang-(1-9)
on the degree of the pathological changes.

Cardiac fibrosis

In comparison with the Control group, interstitial fibrosis
area in the myocardium displayed by Masson’s trichrome
staining, and collagen I and collagen III in the myocar-
dium revealed by immunohistochemical staining were sub-
stantially increased in the Mock group, but significantly
decreased in the Ang-(1-9) rat group, relative to the Mock
and Ang-(1-9)+PD123319 group (Fig. 2A-D). Immuno-
histochemical results of collagen I and collagen III in the
myocardium were further verified by western blot analysis,
a similar distribution in all 4 groups (Fig. 2E). Thus, the
myocardial fibrosis in ACM rats was alleviated following
treatment with Ang-(1-9), and the anti-fibrotic effects of
Ang-(1-9) were mediated via AT2R.

TGF-B1 protein expression

As depicted in Fig. 2E, F, Western blot analyses of myocar-
dial tissues indicated that the protein expression of trans-
forming growth factor-f1 (TGF-f1) by western blot analy-
sis were significantly higher in the Mock than the Control
rats, which were lowered by Ang-(1-9) treatment, whereas
such effect was completely offset by co-administration of
PD123319 and Ang-(1-9).

Inflammation

Western blot and immunohistochemical staining showed
that protein expressions of CD68 (a marker of macrophage,
Fig. 3A), VCAM-1 (Fig. 3B, C), IL-6 (Fig. 3B, D), ICAM-1
(Fig. 3E, F) and TNF-a (Fig. 3E, G) in the myocardium of

Table 1 Animal basic

L . Groups Control
characterization in four different
groups BW (g) 549.67+31.75
HW (mg) 1.72+0.09
sBP (mmHg) 118+6.87
dBP (mmHg) 95.64+2.15

Mock Ang-(1-9) Ang-(1-9)+PD123319
335.82+20.64% 376.23 +22.47% 349.65 + 14.28%
1.13+0.11* 1.50+0.17% 1.31+0.05
83.45+3.27% 79.83 +4.24% 85.26 +4.76*
59.78 +2.87* 61.39+1.67* 64.36+1.98*

Data were expressed by mean + SEM. N=10-15 per group

BW body weight, HW heart weight, sBP systolic blood pressure, dBP diastolic blood pressure
*P <0.05 vs Control; 4P <0.05 vs Mock
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Fig.1 Cardiac function assessed by echocardiographic imaging and
in Wistar rats treated with ADR, Ang-(1-9) and/or PD123319. A
Representative echocardiographic graphs in two-dimensional par-
asternal long axis view and M-mode of the LV at the level of the
papillary muscles. LV, left ventricular. B Left ventricular ejection
fraction (LVEF). C Fractional shortening (FS). D Left ventricu-

the Mock group rats were substantially increased which were
completely attenuated by Ang-(1-9) treatment. The results
supported the anti-inflammatory effects of Ang-(1-9),
whereas PD123319 blocked these effects of Ang-(1-9),
suggesting the anti-inflammatory effects of Ang-(1-9) were
mediated via AT2R.

Apoptosis

We also detected the apoptosis in the myocardium by
TUNEL staining, which revealed an upsurge of TUNEL-
positive signals in the myocardium of Mock group rats
compared with the Control group, and this abnormality was
effectively normalized by Ang-(1-9) treatment (Fig. 4A,
B). However, the proportion of TUNEL-positive apoptotic
cardiomyocytes in the myocardium was markedly increased
in the Ang-(1-9) +PD123319 group versus the Ang-(1-9)
group rats.

To further evaluate the effect of Ang-(1-9) on apoptosis
in the myocardium, the levels of Bcl-2 and cleaved caspase3
(c-caspase3) protein expressions in the myocardium tissue
were measured by western blot, which showed a significant
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lar end-systolic diameter (LVESD). E Left ventricular end-diastolic
diameter (LVEDD). F Ratio of the early to late diastolic mitral flow
velocities (E/A ratio). G Representative images of hematoxylin and
eosin staining of the myocardium in 4 groups of rats. Scale bar:
20 pm. N=10-15 per group. Data were presented as mean+ SEM.
#P <0.05 vs Control. P <0.05 vs Mock. *P <0.05 vs Ang-(1-9)

downregulation of Bcl-2 protein expression and upregula-
tion of c-caspase3 in the Mock group compared with Con-
trol group, whereas Ang-(1-9) treatment counteracted these
adverse effects of Adriamycin (Fig. 4C-E). In addition, these
cardioprotective effects of Ang-(1-9) were largely offset by
the addition of PD123319 to Ang-(1-9) treatment. These
results suggested that Ang-(1-9) treatment attenuated car-
diac apoptosis in ACM rats, and the anti-apoptotic effects of
Ang-(1-9) were mediated via AT2R.

Oxidative stress

Compared to controls, the protein expressions of P47 and
nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX4) (Fig. SA—C) by western blot analysis, and the lev-
els of NOX activity (Fig. 5D) in heart tissues were higher in
ADR-treated rats. Treatment of with Ang-(1-9) reduced the
protein expressions of P47 and NOX4, and suppressed NOX
activity in hearts. The antioxidative effect of Ang-(1-9) was
abolished by co-administration of the PD123319. Moreover,
ADR treatment inhibited the activity of SOD (an antioxi-
dant enzyme) in the myocardial homogenate. The adverse
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Fig.2 Levels of myocardial fibrosis in 4 groups of rats. A Represent-
ative Masson’s trichrome staining of myocardial fibers, and immuno-
histochemical staining of collagen I and collagen III in the myocar-
dium of 4 groups of rats. Scale bar: 20 pm. B-D quantitative analysis
of collagen, collagen I and collagen III in the myocardium of the 4
groups of rats. E Representative Western blot images of collagen I,

effect induced by ADR was ameliorated in rats treated with
Ang-(1-9) (Fig. 5E). Nevertheless, co-administration of
PD123319 and Ang-(1-9) abolished the effect of Ang-(1-9).

ERK and P38 protein expression

Phosphorylated extracellular signal-regulated kinase 1/2
(pERK1/2) and phosphorylated P38 MAPK (pP38) pro-
tein expression quantitated by western blot were markedly
higher in the Mock group than the Control group, whereas
pERK1/2 and pP38 protein expression were markedly lower
in the Ang-(1-9) group than the Mock group (Fig. 6A, B).
At the same time, co-administration of PD123319 and Ang-
(1-9) abolished such effects of Ang-(1-9).

AT2R expression
The levels of AT2R protein and mRNA expression meas-
ured by western blot and real-time quantitative PCR were

remarkably decreased in ACM rats relative to the control
rats whereas Ang-(1-9) treatment significantly increased
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collagen III and TGF-f1 protein expressions in the myocardium of
the 4 groups of rats. F Quantification of the protein expressions of
TGF-B1 in the myocardium of the 4 groups of rats. N=6 per group.
Data were presented as mean +SEM. *P <0.05 vs Control. ¥P <0.05
vs Mock. #P<0.05 vs Ang-(1-9)

AT2R protein and mRNA expression levels in ACM rats
(Fig. 6C, D). The effects of Ang-(1-9) on AT2R protein
and mRNA expression was reversed by co-administration
of the PD123319.

Discussion

Although the beneficial effects of Ang-(1-9) on hyperten-
sion [15], myocardial infarction [11], cardiomyocyte hyper-
trophy [8] and diabetic cardiomyopathy [12] have been
shown in experimental studies, the exact role of Ang-(1-9)
in ACM remains unclear. The major finding of the current
study was that Ang-(1-9) treatment improved left ventricular
remodeling and function in rats with adriamycin-induced
cardiomyopathy by attenuating cardiac fibrosis, inflamma-
tion, apoptosis and oxidative stress. As far as we know, this
study is the first to report the beneficial effects and the rel-
evant mechanisms of Ang-(1-9) in a rat model of ACM.
ACM is characterized by cardiomyocyte loss, progres-
sive cardiac enlargement, leading to congestive heart failure.
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Fig.3 Levels of cardiac inflammation in 4 groups of rats. A Repre-
sentative Western blot images and quantification of CD68 protein
expression in the myocardium of the 4 groups of rats. B Representa-
tive immunohistochemical staining of VCAM-1 and IL-6 of the myo-
cardium in 4 groups of rats. Scale bar: 20 um. C, D quantitative anal-
ysis of VCAM-1 and IL-6 in the myocardium of the 4 groups of rats.

Unfortunately, there is, so far, no effective approach to pre-
vent or treat ACM except for Dexrazoxane [16], which still
has some limitations in clinical application. Previous experi-
mental study has shown that Ang-(1-9) inhibited oxidative
stress and inflammatory response induced by streptozotocin,
an animal model of diabetic cardiomyopathy [12]. However,
whether Ang-(1-9) alleviated ADR-induced cardiomyopathy
and, if it did, what mechanisms were responsible, remained
to be explored. In the present study, Ang-(1-9) improved
cardiac function and heart wight of rats with ACM. In addi-
tion, Ang-(1-9) had no affect blood pressure in ADR-treated
rats, indicating that such beneficial effects of Ang-(1-9) can-
not contribute to haemodynamic changes. This lack of effect
on blood pressure may be due to the Ang-(1-9) dose used.
The doses of Ang-(1-9) 600 ng/kg/min or above reduced
blood pressure [17], while not at lower doses.
Adriamycin administration resulted in collagen
deposition within the myocardium in rats [18]. Fibrosis has
been suggested to be involved in ventricular remodeling
and cardiac dysfunction in a rat model of ACM [19]. In
the stroke-prone spontaneously hypertensive rat, Ang-
(1-9) treatment resulted in a 50% reduction in cardiac
fibrosis compared with control animals [10]. In the present

E Representative Western blot images and quantification of ICAM-1
and TNF-a protein expressions in the myocardium of the 4 groups of
rats. F, G Quantification of ICAM-1 and TNF-a protein expressions
in the myocardium of the 4 groups of rats. N=6 per group. Data were
expressed by mean +SEM. *P <0.05 vs Control. P <0.05 vs Mock.
#P<0.05 vs Ang-(1-9)

study, Ang-(1-9) treatment attenuated myocardial collagen
deposition and improved LV remodeling, which were
consistent with the previous report [12]. An important
factor regulating collagen production is TGF-p. The
increased protein levels of TGF-p1 were induced by ADR
stimulation [20], which aggravated myocardial fibrosis.
Ang-(1-9) treatment prevented the upregulation of TGF-f1
in hypertension rats [21]. Our present study showed that
TGF-f1 protein expression was significantly higher in the
Ang-(1-9) group than that in the mock group, indicating that
Ang-(1-9) treatment decreased collagen production partially
through inhibition of TGF-f1 protein expression.

The infiltration of inflammatory cells was involved
in ADR-induced cardiac damage [22]. While
CD68+ macrophage were the predominant inflammatory
cells in the hearts in rat model of ACM [23]. ADR
treatment provoked a host of inflammatory reactions through
activating the subsequent production of pro-inflammatory
cytokines [24, 25], such as TNF-a and IL-6. Over-activation
of the inflammatory response induced by ADR exacerbated
collagen deposition, which lead to ventricular pathologic
remodeling and cardiac dysfunction [26]. Ang-(1-9)
protects against volume overload-induced hypertensive
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Fig.4 Levels of apoptosis in 4 groups of rats. A Representative
TUNEL-positive cardiomyocyte staining in 4 groups of rats. Scale
bar: 20 pm. B Quantification of TUNEL-positive cardiomyocytes
in 4 groups of rats. C Representative Western blot images of Bcl-2,
c-caspase-3 and caspase-3 protein expressions in the myocardium of
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the 4 groups of rats. D, E Quantification of Bcl-2 protein expression
and c-caspase-3/caspase-3 in the myocardium of the 4 groups of rats.
N=6 per group. Data were shown as mean+ SEM. *P <0.05 vs Con-
trol. P <0.05 vs Mock. *P <0.05 vs Ang-(1-9)
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Fig.5 Levels of oxidative stress in 4 groups of rats. A Representa-
tive Western blot images of p47 and NOX4 protein expressions in
the myocardium of the 4 groups of rats. B, C Quantification of p47
and NOX4 protein expressions in the myocardium of the 4 groups
of rats. D The levels of NADPH oxidase activity in the myocardium

@ Springer

of the 4 groups of rats. E The levels of SOD activity in the myocar-
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Fig.6 ERK, P38 and AT2R
expressions in 4 groups of rats.
A Representative Western blot
images of pERK and ERK
protein expressions and quan-
tification of pERK/ERK in the
myocardium of the 4 groups of
rats. B Representative Western
blot images of pP38 and P38
protein expressions and quan-
tification of pP38/P38 in the
myocardium of the 4 groups of
rats. C Representative Western
blot images and quantification
of AT2R protein expression in
the myocardium of the 4 groups
of rats. D Quantitative analysis
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cardiovascular damage by decreasing inflammation in the
heart and aortic wall [27]. Consistent with these findings,
we found that the protein expressions of CD68 and pro-
inflammatory cytokines (VACM-1, IL-6, ICAM-1 and TNF-
a) were markedly increased in ADR-induced rats, and were
significantly inhibited suppressed by Ang-(1-9) treatment.

Apoptosis has been put forth as being involved in
cardiac dysfunction under some experimental and clinical
conditions [28]. ADR-induced apoptosis in cardiomyocytes
was involved in cardiac dysfunction and was associated
with multiple signaling pathways [24, 29]. The expression
of cleave-caspase3 was up-regulated and that of Bcl-2
was down-regulated in the ADR-induced cardiomyocyte
apoptosis [30]. Ang-(1-9) lowered the expression of
apoptosis-related proteins such as Bax, Bcl-2 and caspase-3
in a rat model of pulmonary hypertension [13]. In this study,
our results demonstrated that Ang-(1-9) treatment reduced
TUNEL-positive cells, the activity of caspase3 and increased
bcl-2 protein expression in ADR-induced rats.

The most commonly proposed mechanism for ACM is
the generation of reactive oxygen species (ROS), leading
to oxidative stress [31]. The experimental evidence
also has been manifested that there is overwhelming
connection between oxidative stress and ACM [32].
ADR-induced ROS generation can trigger DNA damage

and inflammatory cytokines expression [33], causing
ultimately lipid peroxidation-dependent ferroptosis [34]
and cardiomyocyte apoptosis by activating apoptotic
signaling [35]. Activated NOX can generate ROS, which
is regulated through transcriptional repression of the
p47phox gene [36], a cytoplasmic subunit of NOX2.
Previous study also showed that ADR promotes NOX
expression and leads to phosphorylation of p47phox [31].
In addition, the enhancement of SOD activity protected
mice from doxorubicin-induced injury [37]. Ang-(1-9)
reduced ROS formation and suppressed NOX activity in
the myocardium of streptozotocin-induced diabetic rats
[12]. In the current study, we also found that Ang-(1-9)
decreased the protein expression of NOX4 and p47phox,
suppressed NOX activity and enhanced the activity of
SOD in the myocardium of ADR-treated rats.

Previous studies found that ERK1/2, a member of the
mitogen-activated protein kinases (MAPKSs) family, and
p38 MAPK was associated with inflammatory signaling,
apoptotic signaling and ROS generation [38-41],
and involved in the pathogenesis of ADR-induced
cardiotoxicity. ADR exposure induced the overexpression
of phosphorylated p38 MAPK, which was significantly
suppressed by SB203580, a specific p38 MAPK inhibitor
[25]. In our study, the expression levels of pERK1/2 and
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pP38 MAPK were remarkedly increased by ADR injection,
which was attenuated by Ang-(1-9) in the myocardium of
rats.

AT2R is an inhibitory G-protein-coupled receptor with
a high affinity for Ang-(1-9) [9] and previous studies have
manifested that in all probability, most protective effects
of Ang-(1-9) on cardiovascular disease are mediated by
AT2R. Ang-(1-9) acts via an AT2R-dependent mechanism
to achieve anti-hypertrophic and anti-hypertensive effects
in the cardiomyocytes and heart [9, 21]. Therefore, we
used PD123319, a known AT2R antagonist, to examine
the action of this receptor in Ang-(1-9)-mediated protec-
tive effects on ACM. We found in this study that ADR
treatment markedly decreased AT2R protein and mRNA
expression, whereas co-administration of Ang-(1-9)
upregulated the expression of AT2R. These results indi-
cated that AT2R might play a crucial part in the protective
effects of Ang-(1-9) on ACM. After antagonizing AT2R
with PD123319, the anti-fibrotic, anti-inflammatory,
anti-apoptotic and anti-oxidative effects of Ang-(1-9) on
ACM were blocked; moreover, the protein expression of
pERK1/2 and pP38 MAPK was up-regulated. Thus, down-
regulation of ERK1/2 and P38 MAPK via AT2R may be
volved in the molecular mechanism of the salutary effect
of Ang-(1-9) on ACM. Our current findings further sup-
port the beneficial role of the Ang-(1-9)/AT2R axis in the
cardiovascular system.

Multiple experimental studies have demonstrated that
Ang-(1-9) plays its roles by activating AT2R and that its
actions are independent of MasR [9, 42]. This confirma-
tion was studied using the AT2R antagonist PD123319,
which was not specific to AT2R and also blocked MasR
[43]. Thus, our study limitations included two aspects.
Firstly, we did not perform further experiments with myo-
cardium-specific AT2R knockout rats, which may help to
confirm the actions for AT2R in Ang-(1-9) beneficial
effects. Secondly, we also did not use MasR antagonist
A779 to verify the effects of Ang-(1-9) independent of
MasR in the present study.

In conclusion, our study has shown that in a rat model of
ACM induced by ADR, Ang-(1-9) treatment improved left
ventricular function and remodeling though the inhibition
of the collagen deposition, expression of TGF-p1, inflam-
matory response, cardiomyocyte apoptosis and oxidative
stress. The underlying molecular mechanisms may involve
inhibited ERK1/2 and P38 MAPK pathways via Ang-(1-9)
stimulation of AT2R. Thus, the Ang-(1-9)/AT2R axis may
provide a novel and promising target to the prevention and
treatment of ACM.
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