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BACKGROUND AND PURPOSE
Cardiac rupture is a catastrophic complication that occurs after acute myocardial infarction (MI) and, at present, there are no
effective pharmacological strategies for preventing this condition. Here we investigated the effect of the angiotensin II
receptor blocker olmesartan (Olm) on post-infarct cardiac rupture and its underlying mechanisms of action.

EXPERIMENTAL APPROACH
C57Bl/6 mice with MI were treated with Olm, aldosterone (Aldo) or vehicle. Cultured neonatal cardiomyocytes and fibroblasts
were exposed to normoxia or anoxia and treated with angiotensin II (Ang II), RNH6270 (active ingredient of Olm) or Aldo.

KEY RESULTS
The mortality rate and incidence of cardiac rupture in MI mice during the first week in the Olm-treated group were
significantly lower than in the vehicle-treated group. Olm or RNH6270 reduced myeloperoxidase staining in the infarcted
myocardium, decreased apoptosis in cultured cardiomyocytes and fibroblasts, as assessed by Hoechst staining and TUNEL
assay, attenuated the accumulation of p53 and phosphorylated p53 and cleaved caspase 3 induced by MI or Ang II, as
assessed by Western blotting, and up-regulated growth differentiation factor-15 (GDF-15). In cultured cardiomyocytes and
fibroblasts, treatment with Ang II, Aldo or anoxia significantly down-regulated the expression of GDF-15.

CONCLUSIONS AND IMPLICATIONS
Olm prevents cardiac rupture through inhibition of apoptosis and inflammation, which is attributable to the down-regulation
of p53 activity and up-regulation of GDF-15. Our findings suggest that early administration of an AT1 receptor anatagonist to
patients with acute MI is a potential preventive approach for cardiac rupture.
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Abbreviations
AHF, acute heart failure; Aldo, aldosterone; Ang II, angiotensin II; AT1 receptor, angiotensin II type 1 receptor; AT2

receptor, angiotensin II type 2 receptor; GDF-15, growth differentiation factor-15; LVFS, left ventricular fractional
shortening; MI, myocardial infarction; MPO, myeloperoxidase; Olm, olmesartan medoxomil; RAS, renin–angiotensin
system; RAAS, renin–angiotensin–aldosterone system

Introduction

Cardiac rupture is a catastrophic complication for patients
with acute myocardial infarction (MI). Despite significant
advances in reperfusion strategies such as percutaneous coro-
nary intervention, mortality from cardiac rupture remains
high, indicating the need to develop effective preventive
approaches. Over the past two decades the incidence of
cardiac rupture, globally, after acute MI is approximately 6%
and the mortality in patients with cardiac rupture can be as
high as 58% (Becker et al., 1996; Lopez-Sendon et al., 2010;
Shamshad et al., 2010). In patients with ST segment elevated
MI, ventricle rupture occurs within 10 days (Gao et al., 2012).
Similarly in mice with MI, cardiac rupture usually happens
within the first 10 days and peaks on days 3 to 5 after acute
MI (Gao et al., 2012; Xuan et al., 2012). Therefore, the acute
MI model of mice has become an ideal tool for clarifying the
mechanisms of cardiac rupture and searching for a preventive
approach.

Inflammation and apoptosis are two important factors
influencing cardiac rupture. Excessive inflammation plays an
important role in the development of cardiac rupture. The
vulnerable myocardium after MI, which consists of necrotic
tissue and inflammatory cells, is susceptible to wall stress and
consequently cardiac rupture. Intensive interstitial neutro-
phil infiltration in ruptured myocardial wall is found in
patients with MI (Zidar et al., 2005), and myeloperoxidase
(MPO) knockout mice are resistant to MI-induced cardiac
rupture (Askari et al., 2003). In contrast, growth differentia-
tion factor-15 (GDF-15), an anti-inflammatory factor, has
been demonstrated to prevent cardiac rupture in mice with
MI (Kempf et al., 2011). In terms of apoptosis, it was reported
that deletion of pro-apoptotic p53 in mice can prevent
cardiac rupture due to MI (Matsusaka et al., 2006). Based on
these findings, it is plausible to speculate that anti-
inflammatory as well as anti-apoptotic drugs can both help
prevent cardiac rupture.

Both the circulating renin–angiotensin–aldosterone
system (RAAS) and intra-cardiac renin–angiotensin system
(RAS) are known to be activated in patients with MI (Sun,
2010). Also angiotensin II (Ang II) has been demonstrated to
stimulate inflammation and apoptosis in MI mice (Leri et al.,
1998; Zhao et al., 2004; Acosta et al., 2009), and excessive
production of aldosterone (Aldo) exacerbates the progress of
cardiac rupture in MI mice (He et al., 2011), implying that the
activation of RAAS may lead to cardiac rupture; but it remains
unclear whether pharmacological inhibition of Ang II, by
modulating GDF-15 and p53, can prevent cardiac rupture.

The Ang II receptor antagonist olmesartan medoxomil
(Olm) has been found to have a 12 500-fold greater affinity
for the Ang II type 1 receptor (AT1 receptor) than for the Ang
II type 2 receptor (AT2 receptor) and is used to treat hyper-

tension, coronary heart disease and heart failure. Olm has a
strong anti-inflammatory effect (Fliser et al., 2004) and inhib-
its the production of Aldo and reduces the risk of cardiovas-
cular death (Savarese et al., 2013), but it is not known
whether it can prevent post-MI cardiac rupture. In this study,
we tested the hypothesis that Olm can prevent cardiac
rupture by modulating p53 and GDF-15.

Methods

All procedures were performed in accordance with our insti-
tutional guidelines for animal research that conforms to the
Guide for the Care and Use of Laboratory Animals (NIH Publi-
cation No. 85–23, revised 1996), and this study was
approved by the Ethical Committee of Nanfang Hospital,
Southern Medical University. Mice were kept in standard
housing conditions with a light/dark cycle of 12 h and free
access to food and water. The dose and concentration of
Aldo, Olm and PD123319 were determined according to pre-
vious reports (Kanamori et al., 2007; Abadir et al., 2011; He
et al., 2011). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).

Animal models of MI
C57BL/6 male mice (aged 8–12 weeks, weighing 20–25 g)
were used to generate MI models by left coronary artery
ligation as described elsewhere (Xuan et al., 2012). Mice were
anaesthetized with a mixture of xylazine (5 mg·kg−1, injected
i.p.) and ketamine (100 mg·kg−1, injected i.p.), and the depth
of anaesthesia was assessed by monitoring the pedal with-
drawal reflex. The operated mice that survived for 12 h were
randomized to receive treatment with Olm (10 mg·kg−1·day−1,
Daiichi Sankyo company, Tokyo, Japan) or vehicle for 1 to 7
days. Sham-operated mice were also treated vehicle or Olm.
Based on the daily food intake of the mice, Olm was mixed
into their food, which was available ad libitum. The food–drug
mixture was freshly made every day. A group of MI mice were
given Aldo (1.44 mg·kg−1·day−1, i.p.) dissolved in DMSO
(Sigma Chemicals, St. Louis, MO, USA) for 3 days, and the
mice in the vehicle-treated group received the same volume
of DMSO. At the indicated time points, the mice were
killed by an overdose of anaesthetic, pentobarbital sodium
(150 mg·kg−1, i.p.), and cervical dislocation, and their hearts
were extracted for further analysis. For histological examina-
tions, hearts were fixed in 10% formalin, whereas for molecu-
lar analysis the hearts were snap-frozen in liquid nitrogen
and stored at −80°C until used. All studies involving drug/
molecular target nomenclature conform to BJP’s Concise
Guide to Pharmacology (Alexander et al., 2013).
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Invasive assessment of haemodynamics and
echocardiographic measurements
Both the haemodynamic assessment and echocardiographic
measurement were performed 3 days after surgery (details in
Supporting Information).

Cell culture
The isolation and culturing of neonatal rat ventricular car-
diomyocytes and fibroblasts were carried out as described
previously (Xuan et al., 2012). In the Ang II treated groups,
cells were treated with 10−6 M Ang II (Sigma Chemicals),
whereas for the RNH6270 treatment group, 10−6 M RNH6270
(Daiichi Sankyo company) dissolved in DMSO was added to
the cells 20 min before the addition of Ang II. We designed
two control groups: blank and vehicle group (treated with
DMSO). Cells were harvested 24 h after the addition of Ang II
(or vehicle). In the Aldo-treated groups, cells were treated
with 10−7 M Aldo (Sigma Chemicals) for 24 h and DMSO was
added to the cells as a control treatment.

The effects of anoxia on GDF-15 were also analysed in
cells. Cultured cells were divided into three groups: (i) control
group: cardiomyocytes and fibroblasts were incubated with
culture medium for 24 h in normoxic conditions; (ii) anoxia
group: cells were incubated with anaerobic-simulated ischae-
mia buffer for 24 h; and (iii) anoxia + RNH6270 group: cells
were treated with RNH6270 for 20 min followed by anoxic
conditions for 24 h.

PCR
Total RNA was extracted from cultured cells and mouse heart
tissues (total RNA isolation system, Omega, Norcross, GA,
USA). Reverse transcription was carried out in 20 μL of reac-
tion mixture containing 1 μg of total RNA. Digital images for
GDF-15, periostin, GADPH and β-actin bands separated on
ethidium bromide-stained agarose gels were obtained. Quan-
titative analysis was performed using Image J software
(National Institutes of Health, Bethesda, MD, USA). The
mRNA expressions of GDF-15 and β-actin in mouse heart
were determined using the Quantitect SYBR Green real-time
PCR method. Primer sequences are listed in Supporting Infor-
mation Table S1.

Western blotting
The following antibodies were used for the Western blotting
analysis: anti-GDF-15 (Santa Cruz, CA, USA), anti-p53 (Santa
Cruz), anti-p-p53 (phospho S15; Abcam, New Territories,
Hong Kong), anti-caspase 3 or anti-cleaved caspase 3 (Abcam,
Cambridge, MA, USA), anti-GAPDH or anti-β-actin (ZSGB-
Bio, Peking, China). Proteins were obtained from whole heart
or cells. Samples containing equal amounts of protein were
separated by 10% SDS-PAGE and transferred onto PVDF
membranes. The membranes were blocked with 5% skimmed
milk at room temperature for 2 h and then incubated over-
night at 4°C with the primary antibody. After being incu-
bated with IRDye 800CW goat anti-rabbit or goat anti-mouse
secondary antibody (LI-COR, Lincoln, NE, USA) for 1 h at
room temperature, the blots were detected in the Odyssey
Infrared Imaging System (LI-COR) and quantified by densi-
tometry using the Image J Analysis software (National Insti-
tutes of Health).

Immunohistochemistry
The heart tissues from different groups were fixed in 4%
paraformaldehyde and embedded in paraffin; 4 μm sections
were prepared for immunostaining analysis. After the anti-
gens were retrieved in citrate buffer at pH 6.0, the sections
were incubated with rabbit anti-MPO antibodies (Abcam) or
anti-periostin antibodies (Abcam) overnight at 4°C. The
tissue sections were scanned for intensity and area of stain-
ing; the staining intensity was scored as: 0 (negative), 1
(weak), 2 (medium) or 3 (strong). The extent of staining was
scored as 0 (0%), 1 (1–25%), 2 (26–50%), 3 (51–75%) or 4
(76–100%), according to the percentages of positively stained
areas in relation to the whole visual field. The sum of the
staining intensity and extent score was used as the final
staining score (0–7) for MPO or periostin.

Hoechst stain and TUNEL assay
After the cultured cardiomyocytes or fibroblasts had been
treated with Ang II or RNH6270 for 24 h, the culture medium
was removed and the cells were then washed with PBS, three
times. Hoechst reagent (Beyotime Chemicals, Haimen,
China) was added to the cells for 30 min at room temperature
in a dark place. The photographs were taken under a fluores-
cent inverted microscope (Olympus, Hicksville, NY, USA).

Apoptosis in rat cultured neonatal cardiomyocytes and
fibroblasts, and mouse myocardium was determined using
TUNEL assay (for details see Supporting Information).

Statistical analysis
All data are expressed as mean ± SEM, and P < 0.05 was
considered to be statistically significant. Statistical differences
were evaluated by one-way ANOVA followed by Bonferroni’s
multiple comparison exact probability test. The overall sur-
vival of MI mice was evaluated using Kaplan–Meier survival
analysis. All analyses were performed using SPSS 13.0 soft-
ware (SPSS Inc, Chicago, IL, USA).

Results

Olm prevents cardiac rupture and acute heart
failure in MI mice
Since cardiac ruptures in mice mostly happen within the first
week after MI, we observed the influence of Olm on the
survival rate of MI mice for one week. The survival of mice
was checked twice a day to ensure that once a dead mouse
was found, an autopsy was performed immediately to
confirm the reason of death. We found that the overall sur-
vival rate of mice treated with Olm was significantly higher
than in mice in the vehicle group (88% vs. 48%, P = 0.001;
Figure 1A). There was clear ST segment elevation after left
coronary artery ligation in all the MI mice (Figure 1B).
Autopsy on dead mice showed that cardiac rupture and acute
heart failure (AHF) were the principal causes of death during
the first 7 days of MI (Figure 1C and D). In 53 vehicle-treated
mice, 28 died (52.8%), among which mice with cardiac
rupture accounted for 53.6% (15/28), slits of cardiac rupture
and blood clots around the heart were found through
autopsy (Figure 1C); mice with AHF accounted for 60.7%
(17/28), for their lung weight/body weight ratio was twice as
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high as that of the sham-operated group (Figure 1D). Mice
with AHF but without cardiac rupture were considered to
have died of AHF. As a result, mice that died of AHF repre-
sented 21.4% (6/28) of the dead mice. However, among the
30 mice receiving Olm treatment, there was no cardiac
rupture and only three died of AHF. Using Kaplan–Meier
analysis, we found that Olm significantly lowered the inci-
dence of cardiac rupture and AHF.

Effects of Olm on left ventricular
haemodynamics
Since the improvement in haemodynamics and the lowering
of ventricular wall stress could be one reason for the

decreased incidence of cardiac rupture in Olm-treated mice,
we analysed the influence of Olm on the left ventricular
haemodynamics and cardiac systolic function of MI mice
(Supporting Information Figure S1A–G). On the day before
the peak day of mortality (day 4), we found there was no
significant difference in left ventricular fractional shortening
(LVFS) between the MI + vehicle and MI + Olm groups (Sup-
porting Information Figure S1B). We also examined the LV
systolic pressure, LV end-diastolic pressure, maximum rate of
rise of LV pressure (dp/dt max), descending rate of LV pressure
(dp/dt min) and LV contractility, and no significant difference
was found between the two groups (Supporting Information
Figure S1C–G). These findings suggest that the dose of Olm

Figure 1
Effects of Olm treatment on survival and cardiac rupture of MI mice. (A) One week survival rate of four groups in response to MI or sham
with/without Olm treatment. (B) ECG before and after ligation of the MI mice. After ligation, the ST segment was significantly elevated, which
was the sign of success for MI surgery. (C) Examples of autopsy pictures from a dead mouse. Haemorrhage (blood clots) in the chest and obvious
rupture slits in the left ventricle free wall were identified. (D) Lung weight/body weight ratio of mice that died from AHF accompanied
with/without cardiac rupture following MI and sham-operated mice killed 1 week after surgery. *P < 0.01 versus the corresponding sham group,
n = 6 in both sham + vehicle and sham + Olm groups; n = 16 in MI + vehicle group (16 mice died from AHF of a total 53 mice), n = 3 in MI +
Olm group (three mice died from AHF of a total 30 mice). (E) Cardiac rupture-free survival rate during the first week after MI. (F) AHF-free survival
rate during the first week after MI. Dose of Olm was 10 mg·kg−1·day−1.
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employed in this study is not sufficient to change the LV
haemodynamics in the acute phase of MI. When the obser-
vation period was prolonged to 6 weeks, we found that the
LVFS of MI mice in the Olm-treated group was markedly
higher than that in the untreated group (12.3 ± 0.9% in MI
group, 32 ± 3% in MI ± Olm group, P < 0.001. Supporting
Information Figure S2).

Effects of Olm on myocardial expression of
MPO and periostin in MI mice
Knowing that inflammation is considered as one major
mechanism for cardiac rupture, the question arose as to

whether the mechanism for Olm preventing cardiac rupture
is related to inhibition of inflammation. Hence, we deter-
mined the MPO expression levels in the cardiac tissues of the
sham-operated and MI groups of mice on days 2, 4, 8 after MI.
The result shows that the MPO expression in the infarct area
peaked on day 2, but was markedly reduced on days 4 and 8
(Figure 2 and Supporting Information Figure S3). However,
the MPO expression in the Olm-treated group was already
significantly lower than the vehicle-treated group on day 2 (P
< 0.05, Figure 2A and B), while the levels of MPO remained
high even 3 days after MI in mice treated with Aldo (Support-
ing Information Figure S4).

Figure 2
Effect of Olm on MPO expression in mice with MI. (A) Examples of pictures showing a time course of immunohistochemical MPO staining in
response to MI for 1 day, 3 days and 7 days, respectively (upper panels), and effect of Olm treatment (10 mg·kg−1·day−1) on MPO expression at
the corresponding time points (lower panels). Scale bar = 100 μm. (B) Semi-quantitative analysis of MPO expression using a score system in each
group. *P < 0.05 versus MI + vehicle group. n = 3 per group.
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A lack of periostin has been shown to increase the inci-
dence of cardiac rupture in mice after acute MI (Shimazaki
et al., 2008), thus we examined whether Olm influences myo-
cardial periostin expression. The result shows that periostin
mRNA and protein both were up-regulated time-dependently
after MI, Olm treatment did not influence its expression level
(Supporting Information Figure S5A–C). In cell culture
experiments, anoxia for 6–24 h did not increase the periostin
mRNA expression in cardiomyocytes, but significantly
up-regulated the expression of periostin in fibroblasts (Sup-
porting Information Figure S5D). Similar to the in vivo experi-
ments, Olm had no significant effect on the expression level
of periostin in the cardiomyocytes or fibroblasts in vitro.

Olm inhibits apoptosis of cardiac cells
The myocardial cell apoptosis 3 days after MI or sham opera-
tion detected by TUNEL assay was significantly increased in
MI mice compared with the corresponding sham group, but
the amplitude of this increase was markedly smaller in the MI
+ Olm group but larger in the MI + Aldo group (Figure 3A and
B). Western blotting of whole-heart tissues showed that the
expression levels of p53 and phosphorylated p53 (p-p53)
1 day after MI were significantly lower in the Olm-treated
mice than in vehicle-treated mice (Supporting Information
Figure S6A and B). Expression levels of p-p53 and cleaved
caspase 3 protein in both infarcted and remote myocardial
tissues were markedly up-regulated in MI mice, but the ampli-
tude of the increase was significantly smaller in the MI + Olm
group mice (Figure 3C–E) but larger in the MI + Aldo group
(Figure 3F and G).

Ang II (1 μM) stimulation for 24 h in both cultured car-
diomyocytes and fibroblasts significantly increased cell apo-
ptosis as assessed by Hoechst staining (Figure 4A), while
RNH6270, the active ingredient of Olm, markedly suppressed
Ang II-induced apoptosis (P < 0.05, Figure 4A and B). Similar
results were obtained using the TUNEL assay (Figure 4C and
D). In cultured cardiomyocytes and fibroblasts, Ang II stimu-
lation for 24 h significantly up-regulated p-p53 and cleaved
casepase 3, while co-treatment with RNH6270 suppressed
their up-regulation in both cardiomyocytes and fibroblasts
(Figure 5A and B). Stimulation with Aldo or anoxia also mark-
edly up-regulated p-p53 and cleaved caspase 3, as assessed by
Western blotting (Figure 5C and D), while co-treatment with
RNH6270 attenuated the effect of anoxia (Figure 5C and D).
The AT2 receptor antagonist PD123319 had no significant
effect on Ang II-induced up-regulation of p-p53 and cleaved
caspase 3 (Supporting Information Figure S7A and B).

Olm up-regulates cardiac GDF-15
Both mRNA and protein of GDF-15 in whole-heart tissues
were also significantly up-regulated in response to MI for 1
day or for 3 days (Supporting Information Figure S8A–D).
GDF-15 in both infarct and remote myocardial tissues was
significantly up-regulated at 1 and 3 days after MI (Figure 6A
and B), and treatment with Olm further increased GDF-15
expression (Figure 6A). In contrast, Aldo treatment for 3 days
significantly down-regulated the expression of GDF-15 (P <
0.05, Figure 6B). In cultured cardiomyocytes and fibroblasts,
stimulation with Aldo, anoxia or Ang II also markedly down-
regulated GDF-15 as indicated by Western blot (Figure 6C–E),

while co-treatment with RNH6270 attenuated this effect
(Figure 6C–E).

Discussion

As shown in Figure 7, in this study we found that Olm pre-
vents cardiac rupture in MI mice, and that this is attributable,
at least in part, to a reduction in apoptosis induced by down-
regulating p53 and p-p53 as well as the attenuation of inflam-
mation evoked by up-regulating GDF-15 and inhibiting the
production of Aldo. How Olm reduces the incidence of AHF
remains unclear and needs to be clarified in future studies; in
the present study we focused on why Olm prevents cardiac
rupture.

Inflammation, apoptosis and blunted fibrotic healing are
closely associated with the risk of cardiac rupture. Coinci-
dently, RAS activation is known to be involved in all of these
pathophysiological processes, but it is still unclear whether
pharmacological interventions targeting Ang II would reduce
cardiac rupture. Genetic evidence has shown that the inci-
dence of cardiac rupture in AT2 receptor gene knockout mice is
significantly higher than in the wild type mice (Ichihara et al.,
2002), which indicates that maintaining AT2 receptor activa-
tion to a certain degree could help to prevent cardiac rupture.
Since Olm is a highly selective AT1 receptor blocker, we used it
to study the preventive effect of blocking AT1 receptors on
cardiac rupture. Olm markedly reduced post-MI cardiac
rupture in mice, and this was found to be associated with its
strong AT1 receptor blocking effect as well as its amplifying
effect on Ang II-mediated activation of AT2 receptors.

The preventive effect of Olm on cardiac rupture might be
also associated with its anti-inflammatory effect. We found
that 24 h after MI there was a significant increase in MPO in
the infarct area, although this decreased markedly a few days
afterwards; such excessive inflammation after acute MI would
promote degradation of the extracellular matrix and blunt
fibrotic healing process, finally leading to cardiac rupture. As
a molecular marker of inflammation, MPO is released upon
leukocyte activation and accumulates in the infarct area,
whereas in MPO knockout mice cardiac rupture was demon-
strated to be delayed (Askari et al., 2003). In support of these
findings, in other cardiovascular diseases, Olm has been
shown to have a strong anti-inflammatory effect. Olm signifi-
cantly reduces vascular micro-inflammation in patients with
essential hypertension (Fliser et al., 2004) and attenuates
cardiac inflammatory reactions following MI (Sandmann
et al., 2006).

The preventive effect of Olm on cardiac rupture might
also be related to its anti-apoptotic effect on cardiomyocytes.
It was reported that Ang II induces apoptosis in cardiomyo-
cytes and fibroblasts through activation of p53 (Leri et al.,
1998); p53 is a well-known pro-apoptotic factor contributing
to post-MI cardiac rupture (Matsusaka et al., 2006). According
to these results, we could reasonably hypothesize that inhi-
bition of Ang II-induced p53 accumulation and p53 activa-
tion could prevent cardiac rupture. In the present study we
found that Olm markedly reduced p53 activation in myocar-
dium at 24 h after MI and also prevented cardiac rupture at
3 to 7 days after MI, findings that support the above
hypothesis.
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Recently, Aldo has been considered to be one of the major
factors that cause post-MI cardiac rupture. Previous reports
demonstrated that Aldo exerts direct toxic actions on myo-
cardium causing cardiac rupture and increased mortality after
MI in mice and induces apoptosis of cardiomyocytes (De Silva
et al., 2009; He et al., 2011). Olm inhibits the generation of
Aldo by blocking AT1 receptors, which could be another
mechanism by which Olm prevents cardiac rupture. We also

found that Aldo down-regulated the expression of GDF-15, a
cytokine that prevents cardiac rupture.

GDF-15, a TGFβ-related cytokine, is induced in the
infarcted heart of mice and humans and it has been shown to
protect mice from cardiac rupture after MI by inhibiting the
activation of chemokine-triggered leukocyte integrin (Kempf
et al., 2011). Activated leukocytes such as macrophages in
myocardial tissues after MI may also contribute to the

Figure 3
Olm inhibited apoptosis and the apoptotic signal in vivo in response to MI for 3 days. (A) Representative images of TUNEL assay in different groups.
The nucleus was labelled with DAPI (blue staining), apoptosis was labelled with TUNEL reaction mixture (red staining). The merged pink staining
indicates apoptotic nucleus. Scale bar = 100 μm. (B) Quantitative analysis of apoptotic cells. (C) Western blots of myocardial p53, p-p53 and
cleaved caspase 3 in response to MI treated with/without Olm or sham. (D) Semi-quantitative analysis of p53, p-p53 and cleaved caspase 3
expression normalized to β-actin in each group. (E) p-p53/p53 ratio in each group. (F) Western blots of myocardial p53, p-p53 and cleaved
caspase 3 in response to MI treated with/without Aldo or sham. (G) Semi-quantitative analysis of p53, p-p53 and cleaved caspase 3 expression
normalized to β-actin and p-p53/p53 ratio. I, infarct myocardial tissue; R, remote myocardial tissue. *P < 0.05 versus sham, #P < 0.05 versus MI
group, n = 6 in each group. Dose of Olm was 10 mg·kg−1·day−1, Aldo was 1.44 mg·kg−1·day−1.
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Figure 4
Effect of RNH6270 on apoptosis in cultured cells. (A) Hoechst stain of cultured neonatal rat cardiomyocytes and fibroblasts treated with Ang II
(1 μM) or RNH6270 (1 μM) for 24 h. Scale bar = 100 μm. (B) Semi-quantitative analysis of positive apoptotic cells in each group. (C)
Representative pictures showing apoptosis measured by TUNEL assay. The merged pink staining indicates apoptotic nucleus. Scale bar = 100 μm.
(D) Quantitative analysis of apoptotic cells. The positive rate of TUNEL-labelled nuclei was calculated from four different and randomly selected
areas under confocal microscopy for each slide. *P < 0.05 versus Ang II + RNH6270 group. #P < 0.05 versus control group, n = 4 (culture plates)
per group.
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increase in GDF-15 (Fairlie et al., 1999). As a newly identified
anti-inflammatory cytokine, GDF-15 has been shown to
attenuate endothelial cell apoptosis in response to a high-
glucose stimulus (Li et al., 2013). Interestingly, we found that
Olm up-regulated GDF-15 expression in MI mice, which
could be another mechanism by which Olm prevents post-MI
cardiac rupture.

Fibrosis is believed to occur during a persistent tissue
repair process. Recent studies indicate that Ang II promotes
cardiac fibrosis (Westermann et al., 2012; Duerrschmid et al.,
2013). Thus drugs that inhibit the angiotensin pathway
appear to be effective in reducing cardiac fibrosis in various
animal models (Shibasaki et al., 2005; Iwamoto et al., 2010).
However, prevention of cardiac fibrosis in the early phase of

MI might accelerate cardiac rupture (Ichihara et al., 2002;
Shimazaki et al., 2008). However, we found that instead of
accelerating, Olm actually prevented cardiac rupture. One
possible reason for this finding could be that, by blocking AT1

receptors, Olm promotes AT2 receptor activation and, there-
fore, maintains the recruitment of fibroblastic cells to the
infarct region, which is essential for the cardiac healing
process. Additionally, we investigated the effect of Olm on
the expression of periostin, an extracellular matrix protein
that is essential for cardiac healing after MI (Shimazaki et al.,
2008). It was reported that more than 80% of periostin knock-
out mice died of post-MI cardiac rupture within the first 10
days, in contrast to the 40% of wild-type littermates
(Shimazaki et al., 2008). In this study, we found that Olm did

Figure 5
RNH6270 inhibited the apoptotic signal in vitro. Western blots of p53, p-p53 and cleaved caspase 3 induced by Ang II in cultured neonatal rat
cardiomyocytes (A) and fibroblasts (B) were performed, and the expression of each protein was normalized to β-actin and the p-p53/p53 ratios
were calculated. Effect of Aldo or anoxia on protein expression of p53, p-p53 and cleaved caspase 3 was also investigated in neonatal rat cultured
cardiomyocytes (C) and fibroblasts (D). #P < 0.05 versus control group, *P < 0.05 versus Ang II or Aldo or anoxia-treated group. Experiments were
repeated three times. Concentrations of Ang II and RNH6270 in cell culture experiments were both 1 μM, whereas that of Aldo was 0.1 μM.
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not change myocardial periostin expression in mice during
the first week after MI. These results indicate that Olm does
not inhibit the cardiac healing process in the early phase of
MI.

Olm is used to treat a variety of cardiomyopathies. Our
novel finding that Olm prevents post-MI cardiac rupture
suggests that AT1 receptor blockers could be a valuable
potential preventive approach for this catastrophic compli-
cation of MI.

Limitations: although neonatal rat cardiomyocytes and
even cardiomyocyte cell line such as H9C2 cell line have been
extensively used to clarify the underlying mechanisms of the
phenomenon discovered in adult animals, neonatal cells
behave differently from adult cells, thus it would be better to
use the same type of cells to investigate both the phenotypes
and mechanisms. In addition, it is necessary to perform clini-
cal trials or carry out related meta-analysis before the findings
in this study are translated to the clinical setting.

Figure 6
Effects of Olm or RNH6270 on the expression of GDF-15. (A) Myocardial GDF-15 expression 1 day after MI or sham-operation was detected by
Western blotting. Semi-quantitative analysis showed that Olm increased GDF-15 expression significantly. (B) Aldo blunted GDF-15 protein
up-regulation at 3 days after MI. For panels A and B, *P < 0.05 versus sham group, #P < 0.05 versus the corresponding MI group treated with
vehicle, n = 6 in each group. I, infarct myocardial tissue; R, remote myocardial tissue. Dose of Olm and Aldo in vivo was 10 mg·kg−1·day−1 and
1.44 mg·kg−1·day−1 respectively. (C) Aldo also reduced the expression of GDF-15 protein in neonatal rat cardiomyocytes and fibroblasts. *P < 0.05
versus control group. (D) GDF-15 protein levels in response to anoxia with/without pretreatment with RNH6270 for 24 h in both neonatal rat
cardiomyocytes and fibroblasts. #P < 0.05 versus control group or anoxia + RNH6270 group. (E) GDF-15 protein levels in response to Ang II
with/without pretreatment with RNH6270 for 24 h in both cardiomyocytes and fibroblasts of neonatal rat. #P < 0.05 versus control group, *P <
0.05 versus Ang II-treated group. †P < 0.05 versus control group. For panels C–E, experiments were repeated three times. Concentrations of Ang
II, RNH6270 and Aldo in the cell culture experiments were 1 μM, 1 μM and 0.1 μM respectively.
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Table S1 Sequences of primers used for real-time PCR.
Figure S1 Left ventricular (LV) haemodynamics and frac-
tional shortening (LVFS) in mice with myocardial ischaemia
(MI) for 3 days. (A) Representative recording of LV pressure
and change rate. (B) Results of LV fractional shortening
(LVFS), n = 6, 5, 10 in sham, MI and MI + Olm group respec-
tively. (C) LV systolic pressure (LVSP). (D) Maximum rate of
LV pressure (dp/dt max). (E) LV contractility. (F) LV end-
diastolic pressure (LVEDP). (G) Minimum rate of LV pressure
(dp/dt min). NS, not significant, for panels C–F, n = 5 in each
group. MI, myocardial infarction; Olm, olmesartan.
Figure S2 Left ventricular fractional shortening (LVFS) in
mice with myocardial ischaemia (MI) for 6 weeks. *P < 0.05
versus sham; #P < 0.05 versus MI group. Data are shown as the
mean ± SEM, n = 12 in each group.
Figure S3 MPO stain in murine heart cross sections. Whole
view of myeloperoxidase (MPO) stain of mouse hearts in
sham, MI and MI + Olm groups. Scale bar = 1 mm. The area
indicated by black box was magnified in Figure 2A.
Figure S4 Immunohistochemical detection of MPO in myo-
cardial infarction (MI) mice treated with/without aldoster-
one. (A) Examples of pictures show MPO staining in the heart
cross section for whole view (40× , upper panels), magnifica-
tion 100× (middle panels, black boxes were magnified in
lower panels) and 400× (lower panels). Aldosterone (Aldo,
1.44 mg·kg−1·d−1) or olmesartan (Olm,10 mg·kg−1·d−1) treat-
ment was given in MI mice for 3 days. (B) Semi-quantitative
analysis of MPO expression using a score system in each
group. *P < 0.05 versus MI-3d group, n = 5 per group.
Figure S5 Time course of periostin expression in vivo and in
vitro. (A) Dynamic changes of periostin gene expression in
sham, MI and Olm-treated groups and each group was
exposed to ischaemia for 1 day, 3 days and 7 days respec-
tively. Olm had no effects on periostin expression after MI.
(B) Immunohistochemical stain of periostin in sham, MI and
Olm-treated groups, each group was treated with ischaemia
for 1 day, 3 days and 7 days (Scale bar = 0.1 mm). (C) Scores

BJP B Chen et al.

3752 British Journal of Pharmacology (2014) 171 3741–3753

http://dx.doi.org/10.1111/bph.12736


of periostin corresponding to the results of immunohisto-
chemical stain, P > 0.05 MI versus Olm-treated groups, n = 3
in each group. (D) Changes of periostin gene expression in
cultured cardiomyocytes and fibroblasts when being nor-
moxia and anoxia for 6 h, 12 h and 24 h respectively. Ang II
(10−6M) and RNH6270 (10−6M) were added to the culture
medium and the treated groups were divided into five groups:
normoxia, anoxia, anoxia + Ang II, anoxia + Ang II +
RNH6270, anoxia + RNH6270. There showed no differences
among anoxia-treated groups at every time spot in cardio-
myocytes or fibroblasts.
Figure S6 Olmesartan (Olm) inhibited apoptotic signal. (A)
Western blots of myocardial p53 and p-p53 in mice at 24 h
after myocardial infarction (MI) or sham. β-actin served as the
loading control. (B) Semi-quantitative analysis of p53 and
p-p53 expression in each group. #P < 0.05 versus MI group, n
= 4 in sham group, n = 6 in MI or MI + Olm group. AU,
arbitrary unit.

Figure S7 Angiotensin receptor 2 antagonist PD123319 did
not affect the apoptosis signal induced by angiotensin II (Ang
II). (A) Representative Western blots of p-p53, p53 and
cleaved caspase 3 in neonatal rat cardiomyocytes and fibro-
blasts treated with angiotensin II (Ang II, 1 μM) or PD123319
(1 μM) for 24 h. (B) Results of semi-quantitation. *P < 0.05
versus control, n = 4 (culture plates) per group. AU, arbitrary
unit.
Figure S8 Effects of olmesartan (Olm) and aldosterone
(Aldo) on myocardial GDF-15 expression in mice subjected to
myocardial infarction (MI). Result of routine PCR (A) and
real-time quantitative PCR (B) for GDF-15 expression in
response to sham or MI treated with/without Olm. (C)
Western blotting of GDF-15 expression in response to sham
or MI treated with/without Olm. (D) Western blots of GDF-15
in MI mice for 3 days treated with/without Aldo. *P < 0.05
versus sham group, #P < 0.05 versus MI group, n = 4 in sham
groups, n = 6 in MI, MI + Olm and MI + Aldo groups.
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