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Angiotensin (1�7) prevent heart dysfunction and left
ventricular remodeling caused by renal dysfunction
in 5/6 nephrectomy mice

Yiwen Li, Jianyong Wu, Qiang He, Zhangfei Shou, Ping Zhang, Wenhan Pen, Yilin Zhu and Jianghua Chen

The renin–angiotensin system (RAS) plays a critical role in chronic renal failure associated with heart failure. In the past few

years, angiotensin (Ang) (1–7) have been reported to counteract the effects of angiotensin II (Ang II) and were even considered

as a new therapeutical target in RAS. The purposes of this study were to examine whether the Ang (1–7) improves the heart

function and remodeling of the left ventricle (LV) in mice with 5/6 nephrectomy (NC). We used a 5/6 nephrectomy to induce

significant renal dysfunction in wildtype mice (WT). Twelve weeks after NC, WT showed high blood pressure, significant left-

ventricular dilation and dysfunction, which were accompanied by cardiomyocyte hypertrophy, diffuse interstitial fibrosis and

oxidative damage of cardiomyocytes. Exogenous Ang (1–7) injection improved the heart function and remodeling of LV in mice

with 5/6 NC accompanied by a reduction in cardiac interstitial fibrosis, inflammatory cytokine expression and oxidative damage

levels of cardiomyocytes, decrease in the profibrotic signaling molecule transforming growth factor (TGF)-b and increase in the

collagen degradation signaling molecule matrix metalloproteinase (MMP)-2, -9. However, these beneficial effects did not occur

in hydralazine-treated mice. These findings suggest that (1) Exogenous Ang (1–7) injection improve the heart function and

remodeling of LV in mice with 5/6 NC. (2) These beneficial effects are independent of its anti-blood pressure effect.
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INTRODUCTION

In patients with renal failure cardiovascular complications are an
important clinical problem, and cardiovascular complications are the
leading cause of death in patients with end-stage renal disease (ESRD),
accounting for 40% of the deaths in these patients.1 Ischemic heart
disease, heart failure and cardiomyopathy are the most frequent causes
of cardiac death in ESRD. Cross-sectional studies have shown that left
ventricular hypertrophy (LVH) is the most frequent cardiac alteration
in ESRD and is an independent risk factor for survival.2 In ESRD, the
LVH usually accompanies hypertrophy of cardiomyocytes, diffuse
interstitial fibrosis and a decrease in myocardial capillary supply.3

Cardiac cytokines that are stimulated by Ang II, such as interleukin
(IL)1b and transforming growth factor (TGF)b1, are involved in the
development of cardiac fibrosis and in cardiac failure.4,5 The LVH and
myocardial fibrosis may also occur because of non-hemodynamic
factors such as parathyroid hormone, endothelin, aldosterone and an
increased sympathetic nerve discharge.6 Increasing evidences have
proved that Ang II is an independent risk factor for cardiovascular
disease. It acts directly on the myocardium to cause ventricular
hypertrophy.7 Drugs that interfere with the renin–angiotensin system,
such as the angiotensin-converting enzyme inhibitor (ACEI) and Ang

II-receptor blocker (ARB), are widely accepted for the treatment of
chronic renal failure and heart failure.
Recent studies have found that the angiotensin-converting enzyme

(ACE) homolog ACE2 efficiently hydrolyzes Ang II to form Ang (1�7),
a group of peptides that exert actions opposite to those of Ang II.8 Low
doses of Ang (1�7) improve cardiac output and antagonize Ang
II-induced vasoconstriction.9 The biological activity of Angs (1�7) is
tissue specific and dose-dependent.10 These findings point toward
a possible protective role of Ang (1�7) in abating the Ang II-induced
actions. It has been reported that Ang (1–7) may inhibit oxidative
stress, stimulate plasminogen activator inhibitor 1 production and
platelet aggregation, and act as an anti-inflammatory agent.11 It has
also been found that Ang (1–7) have a cardioprotective effect in the rat.
Ang (1–7) decrease the incidence and duration of ischemia/reperfusion
arrhythmias12 and improve post-ischemic function in the isolated rat
heart.13 Angs (1–7) are also effective in preventing heart failure after
myocardial ischemia, induced by left coronary artery ligation.14 There-
fore, we hypothesize that chronic infusion of Ang (1–7) should prevent
cardiac remodeling induced by chronic renal failure. The purpose of
this study was to examine whether the Ang (1–7) would improve heart
function and remodeling of LV in mice with 5/6 NC.
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METHODS

Animal experiments
This study was approved by our Institutional Animal Research Committee.

Male C57BL/ 6J 12 weeks old mice were used in the study. All mice

were housed under controlled humidity, temperature and 12-h light–dark

cycles. All mice were allowed free access to standard laboratory-mouse

chow and tap water. The 5/6 kidney-ablation animal model was

developed by removal of both poles of the right kidney and a week later, by

the removal of the left kidney. The mice were divided into three groups (10

mice pergroup). The control group received saline treatment. Ang (1�7)

(Sigma-Aldrich, St Louis, MO, USA) and hydralazine groups were given, angs

(1�7) at a dose of 300mg kg�1 day�1 and hydralazine at a dose of

15mg kg�1 day�1, in a mini-osmotic pump, embedded s.c.; sham-operated

mice received no treatment or Ang (1�7). Blood pressure was measured before

and every 2 weeks after treatment by the tail-cuff method. All mice were killed

at 12 weeks after the operation.

Blood sample
Before and after the experiment, the blood samples were collected bfrom the

tail vein and carotid artery, and were used for the measurement of serum

creatinine and blood urea nitrogen (BUN).

Physiology studies
Echocardiograms were recorded using an echocardiographic system (Aloka,

Tokyo, Japan), equipped with a 7.5-MHz imaging transducer, at 12 weeks after

operation. After echocardiography, the right-carotid artery was cannulated with

a micro-manometer-tipped catheter (SPR 407, Millar Instrument, Houston,

TX, USA) and was advanced into the aorta and then into the left ventricle for

recording the pressures and ±dp/dt.

Histological analysis
After measurement, all mice were killed and the hearts were removed. The hearts

were cut into two transverse slices at the middle of the ventricle. The apical

specimens were frozen quickly under liquid nitrogen. The basal specimens were

fixed with 10% buffered formalin and embedded in paraffin. Four-micrometer-

thick sections were stained with hematoxylin–eosin or Sirius red. Quantitative

assessments, including cardiomyocyte sizeand the fibrotic area were performed

using a multipurpose color image processor, LUZEX F (Nireco, Tokyo, Japan).

Western blotting
Protein (100mg) extracted from the heart tissues was subjected to 10%

polyacrylmide gel electrophoresis and then transferred onto PVDF membranes.

The membranes were then probed using a primary antibody against transform-

ing growth factor (TGF-b, Promega, Madison, WI, USA), matrix metallopro-

teinase-2 (MMP-2; Daiichi Fine Chemical Co, Takaoka, Toyama, Japan),

MMP-9 and Mas (both from Santa Cruz Biotechnology, Santa Cruz,

CA, USA). The blot was visualized by means of chemiluminescence (ECL,

Amersham, UK) and the signals were quantified by densitometry. a-Tubulin
(analyzed using antibody from Sigma-Aldrich) was used as the

loading control.

Immunohistochemistry
The 4mm-thick deparaffinized sections or 8 mm-thick cryosections from the

apical half of the ventricle were incubated with a primary antibody against

8-hydroxy-20-deoxyguanosine (8-OHdG; Japan Institute of the Control of

Aging, Shizuoka, Japan). The ABC kit (Dako, Ely, UK) was used for the

immunostaining of the deparaffinized section with 3,3 diaminobenzidine

(DAB) as the chromogen. The sections were observed under a light microscope.

ELISA
Cardiac IL-1b, IL-6 and tumor necrosis factor (TNF)-a protein contents were

quantified using ELISA kits (Quantikine M, R&D Systems, Minneapolis, MN,

USA) according to the supplier’s instruction.

Statistical analysis
Values are shown as mean±s.e.m. The significance of differences in the finding

was evaluated using t-tests. Values of Po0.05 were considered to be significant.

RESULTS

Changes in systolic blood pressure
At baseline, all groups presented similar systolic blood pressure (SBP)
levels. At 12 weeks after operation, the control group presented a
significant increase in the SBP level, Ang (1–7) and hydralazine-treated
mice showed a significant low-level SBP andthere was no difference
between the sham mice and sham+Ang (1–7) mice (Table 1).

Changes in serum creatinine
At 12 weeks after operation, the serum creatinine levels of the three
groups were increased significantly compared with the sham group.
But the level of serum creatinine in Ang (1–7)-treated mice was
significantly lower than that in untreated WT mice and hydralazine-
treated mice (Table 1).

Cardiac function at 12 weeks after 5/6 nephrectomy
According to the echocardiography and cardiac catheterization at 12
weeks post-operation, the mice showed decreased cardiac function
(Table 2): LV fraction shortening (%FS), lower LV developed pressure
(LVDP), and reduced maximal and minimal dp/dt compared with
sham-operated mice. It should be noted that these values were
significantly better in the Ang (1–7)-treated mice, but not in the
hydralazine-treated mice.

Histopathology of the heart at 12 weeks after 5/6 nephrectomy
We found that in the untreated WT mice, cardiomyocytes had
significantly increased in size at 12 weeks after 5/6 NC, and that this
effect was significantly attenuated in the Ang (1–7)-treated mice, but
not in the hydralazine-treated mice (Figure 1). In addition, substantial
myocardial interstitial fibrosis (assessed by Sirius-red staining) devel-

Table 1 Blood pressure and renal function in mice 12 weeks after 5/6 nephrectomy

5/6 nephrectomy

Sham (n¼15) Sham+Ang (1–7) (n¼15) 5/6 NC (n¼15) 5/6 NC+hydralazine (n¼15) 5/6 NC+ Ang (1–7) (n¼15)

CRE 0.31±0.05 0.30±0.08 0.853±0.053* 0.76±0.18*,# 0.538±0.111*,#,w

BUN 28.2±3.7 29.1±3.5 93.5±8.0* 90±27*,# 59.4±15*,#,w

SBP 81.2±5.6 78.3±5.3 97.1±9.8* 77±7.9# 76.4±8.4,#

Abbreviations: Ang, angiotensin; BUN, blood urea nitrogen (mg per 100 ml); CRE, serum creatinine (mg per 100 ml); NC, nephrectomy; SBP, systolic blood pressure.
*Po0.05 vs. sham-operated mice.
#Po0.05 vs. 5/6 NC mice.
wPo0.05 vs. 5/6 NC+hydralazine mice.
Data are expressed as mean±s.d.
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oped in all groups after the NC, although the area of fibrosis was
significantly smaller in the Ang (1–7)-treated mice (Figure 1). The
DNA base-modified product 8-OHdG is one of the most commonly
used markers for the evaluation of oxidative DNA damage.8 Such
oxidative damage was significantly attenuated in the Ang (1–7)-treated
mice, but not in the hydralazine-treated mice (Figure 1).

Myocardial expression of TGF-b, MMP-2, -9 and Mas
We examined the expression of TGF-b MMP-2, -9 and Mas in the
heart tissues. As TGF-b overexpression is the main reason for
myocardial fibrosis,9 the effects of MMP-2 and -9 were controlled
by TGF-b. Western blot analysis revealed that TGF-b was down-
regulated and the MMP-2 and -9 were significantly overexpressed in
Ang (1–7)-treated mice compared with untreated WT mice and
hydralazine-treated mice (Figure 2).
Western blot analysis revealed that the Ang (1–7)-receptor Mas was

up-regulated in the 5/6 NC mice compared with the sham mice.

Ang (1–7) treatment significantly increased the expression of Mas in
myocardium (Figure 2).

Cardiac IL-1b, IL-6 and TNF-a protein content
The expression of inflammatory cytokines IL-1b, IL-6 and TNF-a was
significantly increased in untreated WTmice. Inflammatory-cytokine
expression was less increased in Ang (1–7)-treated mice than in
untreated WTmice and hydralazine-treated mice (Figure 3).

DISCUSSION

In this study, we examined the effect of Ang (1–7) administration on
the established cases of chronic heart failure in a 5/6 NCmouse model.
We observed a significant increase of SBP in the 5/6 NC, accompanied
by cardiac dysfunction as shown by the echocardiogram, hemo-
dynamic examination, myocyte hypertrophy, myocardial interstitial
fibrosis, myocytes oxidative DNA damage and by the significantly
higher levels of IL-1b, IL-6 and TNF-a in the myocardial tissues.

Table 2 Left ventricular geometry and function assessed 12 weeks after 5/6 nephrectomy in mice

5/6 nephrectomy (NC)

Sham (n¼15) Sham+Ang (1–7) (n¼15) 5/6 NC (n¼15) 5/6 NC+hydralazine (n¼15) 5/6 NC+ Ang (1–7) (n¼15)

LVSP 85±3 82±6 66±4* 70±6* 78±4*,#,w

LVDd 3.8±0.2 3.7±0.3 5.3±0.6* 5.4±0.4* 4.6±0.3*,#,w

LVFS 33±1.9 35±1.7 20±2.4* 21±2.0* 26±3.2*,#,w

+dP/dt 8365±356 8436±312 4325±675* 4576±798* 5653±432*,#,w

�dP/dt �7756±387 �738±361 �3993±774* �4106±667* �4987±789*,#,w

Abbreviations: LVSP, left ventricular systolic pressure (mm Hg); LVDd, LV end-diastolic diameter (mm); LVFS, LV fractional shortening (%); +dP/dt, maximal dP/dt (mm Hgs�1); dP/dt, minimal dP/dt
(mm Hgs�1).
*Po0.05 vs. sham-operated mice.
#Po0.05 vs. 5/6 NC mice.
wPo0.05 vs. 5/6 NC+hydralazine mice.
Data are expressed as mean±s.d.
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Figure 1 Morphometric analysis of cardiomyocyte size, myocardial fibrosis and oxidative damage in the heart assessed 12 weeks after the 5/6 nephrectomy

(NC) in sham-operated mice (S, n¼10), untreated WT mice (W, n¼10), hydralazine-treated mice (H, 10) and angiotensin (Ang) (1�7)-treated mice (A,

n¼10). *Po0.05 vs. sham-operated mice. #Po0.05 vs. untreated WT mice. wPo0.05 vs. hydralazine-treated mice. 8-OhdG, 8-hydroxy-2¢-deoxyguanosine.
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Ang (1–7)-treated mice showed significantly lowered-SBP and atte-
nuated cardiac dysfunction, interstitial fibrosis, reduced myocyte
oxidative DNA damage and reduction in the elevated levels of IL-
1b, IL-6 and TNF-a expression in the failing myocardium. On the
other hand, NC led to upregulation of myocardial expression of TGF-
b, MM-2, MMP-9 and Ang (1�7) receptor Mas. Ang (1–7) treatment
inhibited the overexpression of TGF-b and further increased the
expression of MMP-2, MMP-9 and Mas.
A very important pathological character in ESRD is LVH accom-

panied by diffuse myocardial interstitial fibrosis.5 A large body of
evidence has accumulated over the past two decades to support the
notion that angiotensin II, through its AT1 receptor, mediates myo-
cardial interstitial fibrosis and cardiomyocyte hypertrophy,9,10 but it
does not directly stimulate cardiomyocytes growth and fibrosis in the

adult myocardium, but does so indirectly by inducing the expression
of TGF-b, which then acts locally through the auto/paracrine mechan-
ism.11,12 TGF-b is a locally generated cytokine that has been
implicated as a major contributor to tissue fibrosis in various organ
systems.13 Antagonists of the RAS, such as ACE inhibitors and
angiotensin-receptor blockers, attenuate the fibrotic changes and
matrix deposition mediated by TGF-b. Recently, Peterson14 showed
that both cardiac hypertrophy and fibrosis in heart failure are
characterized by an elevated level of circulating TGF-b and Fedulov
et al.15 showed a strong positive correlation between serum TGF-b and
cardiac fibrosis. Okada16 has also recently shown that gene therapy
directed against TGF-b attenuates left ventricular remodeling and
heart failure, after a myocardial infarction, in a time-dependent
manner.
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Figure 2 (a) Western blot analysis of myocardial expression of transforming growth factor (TGF)-b, matrix metalloproteinase (MMP)-2, MMP-9 and Mas

assessed 12 weeks after 5/6 nephrectomy in sham-operated (S, n¼5), Ang-(1�7)-treated sham-operated (S+A, n¼5), untreated wild-type (W, n¼5),

hydralazine-treated wild-type (H, n¼5), and Ang-(1�7)-treated wild-type (A, n¼5) mice. (b) Densitometric analysis of the relative myocardial expression

levels of (A) TGF-b, (B) MMP-2, (C) MMP-9 and (D) Mas assessed 12 weeks after 5/6 nephrectomy in sham-operated (S, n¼5), angiotensin (Ang) (1�7)

treated sham-operated (S+A, n¼5), untreated wild-type (W, n¼5), hydralazine-treated wild-type (H, n¼5) and Ang (1�7)-treated wild-type (A, n¼5) mice.

*Po0.05 vs. sham-operated mice. #Po0.05 vs. untreated wild-type mice. wPo0.05 vs. hydralazine-treated mice.
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Figure 3 Enzyme-linked immunosorbent assay (ELISA)-based analysis of interleukin (IL)-1b, IL-6 and tumor necrosis factor (TNF)-a in myocardium assessed

12 weeks after 5/6 nephrectomy in sham-operated (S, n¼10), Ang-(1�7)-treated sham mice (S+A, n¼10), untreated WT mice (W, n¼10), hydralazine-

treated mice (H, n¼10) and Ang-(1�7)–treated mice (A, n¼10). *Po0.05 vs. sham-operated mice. #Po0.05 vs. untreated control mice. wPo0.05 vs.

hydralazine-treated mice.
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MMPs are a family of enzymes that catalyze the degradation of the
extracellular matrix and are believed to play important roles in heart
disease.17,18 MMPs play a crucial role in the complex interplay
between inflammatory and vascular cells, fibroblasts and cardiomyo-
cytes, which can result in myocardial protection or destruction,
depending on the etiology of the cardiac damage.19 Theoretically,
however, an increase in the myocardial MMP activity likely translates
into more collagen degradation, which would ultimately reduce
cardiac fibrosis.
Our study found that in Ang (1–7)-treated mice myocardial

interstitial fibrosis was significantly reduced, accompanied by a
lower expression of TGF-b and an overexpression of MMP-2 and
MMP-9. These suggest that the effects of Ang (1–7) on cardiac
remodeling may be related to the decrease in the pro-fibrotic signaling
molecule TGF-b and the increase in the collagen-degradation signaling
molecule MMP-2, -9. We also observed that Ang (1–7) treatment
reduced the elevated levels of IL-1b, IL-6 and TNF-a expression in the
failing myocardium. Several studies have shown that in both animals
and humans with failing hearts, levels of inflammatory cytokines
(e.g., IL-1b, IL-6 and TNF-a) are increased in the plasma20,21 and in
the circulating leukocytes,22 as well as in the myocardium itself.23–25

Our observation that the levels of IL-1b, IL-6 and TNF-a were elevated
in the failing myocardium of mice, 12 weeks after 5/6 NC, is consistent
with those of earlier findings. It is important to note that the
expression of these inflammatory cytokines is reportedly directly
related to the degree of heart failure and inversely related to the
survival.23,26 Moreover, the results from animal studies and some
clinical pilot trials have suggested that suppression of inflammatory
cytokines may improve the cardiac performance.27,28 Recently, Oudit
et al.29 found that the expression of inflammatory cytokines, IL-1b,
IL-6 and monocyte chemotactic protein-1 (MCP-1) in the ACE2 null
age-dependent cardiomyopathy mice was increased. Their results also
showed that the age-dependent cardiomyopathy in ACE2 null mice is
related to increased Ang II-mediated oxidative stress and inflamma-
tion through the AT1 receptors. Furthermore, the new Ang(1–7)
forming enzyme ACE2 has been reported to be an important regulator
of the RAS. This enzyme can produce Ang (1–7) by at least two
different pathways: directly from Ang II and indirectly from Ang I.30

These results suggest that Angs (1�7) may play a beneficial role in
anti-inflammatory function. Although speculative, it is therefore
conceivable that a reduction in inflammatory cytokines may be one
of the mechanisms involved in the beneficial effect of Ang (1–7) on
failing hearts caused by 5/6 NC.
This study also revealed the anti-oxidant effect of Ang (1–7) on a

failing myocardium. Ang (1–7) significantly reduced the number of
cardiomyocytes positive for 8-OHdG, a commonly used marker of
oxidative DNA damage.31 Along with inflammatory cytokines, the
overproduction of reactive oxygen species is also thought to be
involved in myocardial remodeling.32 Apparently, inflammatory cyto-
kines can induce oxidative stress—for example, TNF-a can directly
induce the production of mitochondrial reactive oxygen species in the
cardiomyocytes, causing damage to the mitochondrial DNA,33

–whereas oxidative stress can increase the levels of inflammatory
cytokines, leading to the development of a vicious cycle in the failing
hearts.34,35 In this study, the anti-oxidative effect of Ang (1–7) may be
attributed to its anti-inflammation effect. However, Ang (1–7) may
directly inhibit the oxidative stress.36

We also found that the expression level of Ang (1–7)-receptor Mas
was markedly higher in the untreated failing hearts than in the sham-
operated hearts, but it was still higher in the Ang (1–7)-treated failing
hearts. This phenomenon reflects a ligand-dependent autoinduction

of Mas gene expression, similar to the situation that has been reported
for hepatocyte growth factor (HGF) and c-Met/HGF receptor.37

Recently, Santos et al.38 found that genetic deletion of the Mas
receptor caused significantly deleterious effects on cardiac function
and structure, particularly with regard to myocardial fibrosis,
which suggests that Mas is necessary for Ang-(1–7) transduction.
However, the exact mechanism through which Ang (1–7) increased
the Mas expression has not been elucidated yet. Mas signal
activates a variety of intracellular signaling cascades, including the
JAK/STAT, Ras/Raf/MAPK and PI3K/Akt pathways.39–42 The biologi-
cal effects of Ang (1–7), such as inhibiting the growth of cardiac
myocytes, angiogenesis and antioxidative stress, were already reported
in earlier studies related to the activation of these cell signal path-
ways.39–42 The beneficial effects of Ang (1–7) therapy on chronic heart
failure caused by chronic renal failure in this study also may be related
to the activation of these cell signal pathways.
In summary, our findings suggest that renal-dysfunction-associated

heart failure can be attenuated by chronic infusion of Ang (1–7),
which inhibits cardiomyocyte hypertrophy and interstitial fibrosis.
These effects seem to be related to the reduced expression of
inflammatory cytokines and oxidative damage, decrease in the profi-
brotic signaling molecule TGF-b and increase in the collagen-degra-
dation signaling molecule MMP-2, -9. However, determination of the
precise mechanism behind all these will require further study.
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