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Abstract

Objectives Increasing evidence suggests that cardiomyocyte apoptosis has an important
role in the transition from compensatory cardiac remodelling to heart failure. The synergistic
effect of statins (3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors) and
angiotensin II (Ang II) type 1 receptor antagonists reduces the incidence of cardiovascular
events. However, the anti-apoptotic potential of the synergism between losartan and
simvastatin in heart failure remains unexplored. Here, we demonstrate that Ang II-induced
apoptosis is prevented by losartan and simvastatin in neonatal cardiomyocytes.
Methods The in-vitro cardiomyocyte apoptosis model was established by co-culturing
neonate rat cardiomyocytes with Ang II. Cell viability was analysed by the MTT assay.
Cell apoptosis was evaluated using fluorescence microscopy and flow cytometry.
Apoptosis-related proteins Bax and Bcl-2 expressions were measured by flow cytometry
detection.
Key findings Incubation with 10-7 M Ang II for 48 h increased cardiomyocyte apoptosis
and decreased cell viability. Losartan (10-5 M) and simvastatin (10-5 M), either alone or in
combination, significantly decreased Ang II-induced cardiomyocyte apoptosis and increased
cell viability. The q values calculated by the probability sum test were 1.31 for
cardiomyocyte apoptosis and 1.21 for cell viability. Ang II induced a significant increase
in Bax protein expression, whereas Bcl-2 protein expression was decreased. Losartan alone
or in combination with simvastatin blocked the increased Bax expression and increased Bcl-2
expression. However, simvastatin had no such effect.
Conclusions Our data provide the first evidence that synergism of simvastatin with
losartan prevents angiotensin II-induced cardiomyocyte apoptosis in vitro. Synergism
between simvastatin and losartan may provide a new therapeutic approach to the
prevention of cardiac remodelling.
Keywords angiotensin II; Bax; Bcl-2; cardiomyocyte apoptosis; losartan; simvastatin

Introduction

Apoptosis is an active mechanism by which cells respond to insults by triggering a
programme of gene-regulated cell death. It has been increasingly recognised that apoptosis
plays an important role in normal development and in pathology in a wide variety of
tissues.[1,2] Cardiomyocyte apoptosis may be a critical factor during the transition from
compensatory hypertrophy to heart failure.[3,4] Inhibition of cardiomyocyte apoptosis may
prevent and restrain left ventricular hypertrophy and heart failure.[5] The mechanisms of
cardiomyocyte apoptosis include extrinsic factors and various cellular signalling pathways.
Bcl-2 expression has been proposed as an important marker of myocardial cell survival
probability.[6] Studies have shown that the balance of Bcl-2 to Bax plays a central role in
ischaemia-dependent apoptosis, while angiotensin (Ang) II may be one of the major causes
of receptor-mediated apoptosis.[7]

Ang II, a key molecule for cardiovascular regulation, acts as a candidate entraining
signal, altering circadian expressions of central clock genes through the Ang II type 1
(AT1) receptors. It is well recognised that cardiac hypertrophy is mediated by AT1

receptors.[8,9] Studies have also shown that AT1 receptors play an important pro-apoptotic
role in cardiomyocytes of both neonatal and adult rats.[10–13] Therefore, the development of
new agents that inhibit Ang II-induced cardiomyocyte apoptosis may be beneficial for the
treatment of cardiac dysfunction.
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Losartan, a selective AT1 receptor antagonist, is widely
used clinically to control blood pressure. Several studies have
shown that losartan has beneficial effects in attenuating
cardiac dysfunction, including the suppression of the later
development of hypertrophy and heart failure, through
inhibiting protein kinase C activation in the remote non-
ischaemic area of infarcted rat heart, delaying the develop-
ment of heart failure in dogs with asymptomatic left
ventricular dysfunction, prolonging survival in dilated
cardiomyopathy, and retardation of pressure-overload hyper-
trophy.[14–17] Statins (3-hydroxy-3-methylglutaryl-coenzyme
A reductase inhibitors) are widely used clinically as lipid-
lowering agents. Statins have been reported to prevent the
development of heart failure in ischaemic heart disease and
after myocardial infarction.[18–20] Losartan and simvastatin
are widely used, often in combination, in the treatment of
cardiovascular disease. Recently, the importance of combi-
nation therapy has been recognised in the treatment of
adriamycin-induced nephropathy, coronary heart disease,
myocardial infarction and heart failure.[21–25] However, the
synergism between losartan and simvastatin in cardiomyo-
cyte apoptosis has not been investigated.

Experiments using cultured neonatal and adult cardio-
myocytes have demonstrated that apoptosis can be stimulated
in vitro by several endogenous peptides such as Ang II (a
natural effector of myocardial apoptosis).[26] However, the
molecular mechanisms that result in cardiomyocyte apopto-
sis after exposure to Ang II remain largely unknown. In this
study, we first investigated the synergism between losartan
and simvastatin on apoptosis induced by Ang II. To further
explore the possible pharmacological mechanisms of this
synergism, we analysed Bax and Bcl-2 protein expression in
cultured neonatal cardiomyocytes.

Materials and Methods

Materials

Ang II, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT), propidium iodide, fluorescein
isothiocyanate (FITC)–Annexin V and Dulbecco’s modified
essential medium were purchased from Sigma (St Louis,
MO, US). Fetal bovine serum (FBS), cardiac myocyte
growth supplement (CMGS) and penicillin/streptomycin
solution were bought from ScienCell Research Laboratories
(Carlsbad, CA, US). Anti-Bax and anti-Bcl-2 antibodies
were bought from Santa Cruz Biotechnology (Santa Cruz,
CA, US). Losartan and simvastatin were purchased from
Merck, Sharp & Dohme Co., Hangzhou, China).

Losartan was dissolved in DMSO. As cardiomyocytes
lack the lactonases required to convert simvastatin to its open
acid active form, this was done chemically. Briefly, 20 mg
simvastatin was suspended in 0.4 ml ethanol and 2.4 ml
0.1 M NaOH added. The solution was heated to 50∞C for 2 h.
To this heated solution we added 3.6 ml of an aqueous
solution containing 81 mM Na2HPO4 and 15 mM NaH2PO4.
The solution was heated to 40∞C for 30 min, and the pH
adjusted to 7.3 using concentrated HCl. The control was
DMSO diluted to the same concentration as the simvastatin
solution.

Cell culture and treatment

Rat cardiac myocytes isolated from neonate rat heart
(ventricle) and cryopreserved in primary cultures were
delivered frozen (ScienCell Research Laboratories). Each
vial contained at least 1 ¥ 106 cells in 1 ml volume. After
resuscitation, cells were cultured; they were used when they
had reached at least 90% confluency.

Angiotensin-II-induced apoptosis and
drug administration

Cell purity was confirmed by immunocytochemistry using
antibodies against alpha-actin (data not shown). The cultures
were free of other contaminating cell types (>99% purity).
Cardiomyocytes were plated onto laminin-precoated
(0.5 mg/cm2) culture plates at a density of 1.5 ¥ 104 cells/cm2

and incubated for 4 h at 37∞C in a 5% CO2 humidified
atmosphere. The cardiomyocyte culture medium consisted
of 500 ml basal medium, 25 ml FBS, 5 ml CMGS and 5 ml
penicillin/streptomycin solution. Non-attached cells were
discarded after this period and fresh culture mediumwas added.
Cardiomyocytes were collected and replated (2 ¥ 105/ml) into
96-well plates for MTT assay, and into 24-well plates for
morphological assessment and flow cytometry. Briefly, after
incubation for 24 h, Ang II was added, diluted in the culture
medium at 10-7 M, for another 48 h. After Ang II treatment,
cells were analysed for apoptosis. In some wells, losartan and
simvastatin were added, diluted to 10-5 M in the medium, and
Ang II was added after 1 h of incubation.

Cell viability assay

Cardiomyocytes cultured in 96-well plates were pre-incu-
bated with losartan and simvastatin at concentrations of 10-8,
10-7, 10-6, 10-5 and 10-4 M for 1 h. Ang II (10-7 M) was
added and incubated with the cells for a further 44 h. MTT
was added to each well under sterile conditions (final
concentration 5 g/l), and the plates were incubated for 4 h at
37∞C. Untransformed MTT was removed by aspiration, and
formazan crystals were dissolved in DMSO (150 ml per
well). Formazan was quantified spectroscopically at 540 nm
using an automated plate reader (Bio-Rad EIA Analyzer,
Hercules, CA, US).

Analysis of apoptotic nuclei

After pre-treatment with losartan or simvastatin (both 10-5 M)
or both together for 1 h, Ang II (10-7 M) was added and
incubated with the cells for an additional 48 h. Cultured
cells on coverslips (24-well plate) were washed three times
with phosphate-buffered saline (PBS). To detect the
characteristic features of apoptotic nuclei, fixed cardiomyo-
cytes were stained with 0.5 ml Hoechst 33258, a fluorescent
DNA-binding dye, for 5 min. Fluorescence (excited at
350 nm and emitted at 460 nm) was captured with a charge-
coupled device camera under a fluorescent microscope.
Apoptotic cells were identified by their typical morphological
appearance, with chromatin condensation and nuclear
fragmentation.
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Analysis of cardiomyocyte apoptosis

The apoptotic ratios of cardiomyocytes in different groups
were measured by flow cytometry according to the manu-
facturer’s protocol. Double staining for FITC–Annexin V
binding and for cellular DNA using propidium iodide was
performed as follows. Following drug treatment, the medium
was aspirated and cells were detached by trypsin. After
washing twice with PBS, 1 ¥ 106 cells were resuspended in
binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl
and 2.5 mM CaCl2). FITC–Annexin V was added to a final
concentration of 1 mg/ml Annexin V. A 0.1 ml volume of
propidium iodide (10 mg/ml in binding buffer) was added,
resulting in a final concentration of 1 mg/ml cell suspension.
The mixture was incubated for 15 min in the dark at room
temperature. Cellular fluorescence was measured by flow
cytometry using a FACS-SCAN apparatus (Becton-Dickinson,
Franklin Lakes, NJ, US). The percentage of apoptotic cells
was determined using Modfit LT software (Verity Software
House, Topsham, ME, US).

Detection of Bax and Bcl-2 protein expression

After incubation for 48 h, cells in different groups were
collected by trypsin and adjusted to 106 cells/ml. Cardio-
myocytes were then resuspended in alcohol for another 24 h
at 4∞C. Cells were washed with PBS and propidium iodide-
labelled Bcl-2 or FITC-labelled Bax antibodies were added
to the cells at a final concentration of 1 mg per 1 ¥ 106 cells.
Flow cytometric analysis was performed after 30 min of dark
reaction.

Probability sum test

To determine whether the combination was synergistic or
additive, we used the probability sum test (q test).[27,28] This
test comes from classic probability analysis, and has been
proposed for evaluating synergism between drugs. In the
present work, the combinative effects of two agents was
evaluated. The formula used was q = PA+B/[(PA + PB) –
(PA ¥ PB)], where A and B represent the two drugs and P
(probability) is the percentage inhibition; PA+B is the actual
percentage inhibition, [(PA + PB) – (PA ¥ PB)] is the
expected response rate; (PA + PB) indicates the sum of the
probabilities when drug A and drug B are used alone;
(PA ¥ PB) is the probability of inhibition when the two
drugs are used independently. A q value below 0.85 indicates
that the combination is antagonistic; a q value above 1.15
indicates synergism; a q value between 0.85 and 1.15
indicates that the effects are additive.

Statistical analysis

All data are expressed as mean ± SD. One-way analysis of
variance was used to assess differences between drug groups
and various related control groups, followed by the least
squares difference post-hoc multiple comparisons test. P <
0.05 was considered significant. Analysis was performed
using SPSS software (Chicago, IL, US).

Results

Effects of losartan and simvastatin
on cell viability

Using the established in-vitro model of cardiomyocyte
apoptosis induced by Ang II (10-7 M), we investigated the
effects of losartan or simvastatin, alone and in combination,
on cell viability following Ang II treatment. Ang II
significantly decreased cell viability, whereas co-culture with
either losartan or simvastatin at concentrations of 10-8–10-4 M

significantly dose-dependently improved cell viability com-
pared with the Ang II group (Figure 1). The effects of losartan
and simvastatin alone and in combination on cell viability with
Ang II treatment are shown in Table 1. The data indicate that
all three treatments protect the cardiomyocytes from Ang II-
induced damage. Furthermore, co-treatment with losartan and
simvastatin had a significantly greater effect on cell viability
than either drug alone.

To exclude the possibility that either losartan or
simvastatin decreased cardiomyocyte viability, we checked
the effects of the two drugs separately and in combination
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Table 1 Results of the probability sum test for cell viability and

apoptosis in cardiomyocytes treated with angiotensin II (Ang II; 10-7 M)

and losartan or simvastatin (both 10-5 M) alone and in combination

Parameter Mean P value (%) q value

Cell viability (optical density)

Ang II 0.238 –

Ang II + simvastatin 0.273 14.71

Ang II + losartan 0.279 17.23

Ang II + losartan + simvastatin 0.330 30.25 1.31

Apoptosis (%)

Ang II 21.98 –

Ang II + simvastatin 15.82 28.03

Ang II + losartan 16.10 26.75

Ang II + losartan + simvastatin 9.42 57.14 1.21

P (probability) is the percentage of inhibition in each group; q > 1.15

indicates synergism. Values are from six experiments.
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at a concentration of 10-5 M on cell viability without Ang II
treatment (Figure 1). The results showed that neither losartan
nor simvastatin affected cell viability.

Morphological characterisation of Ang II-
induced cardiomyocyte apoptosis

Nuclear morphological changes were observed by Hoechst
33258 staining. As shown in Figure 2, visual inspection of
Ang II-treated myocytes by fluorescence microscopy demon-
strated that myocytes displayed morphological features
characteristic of cell apoptosis. Compared with control
cells, cells incubated with Ang II for 48 h became shrunken
and retracted, and had condensed cytoplasm. In addition,
Ang II-treated myocytes had either significantly more
condensed chromatin or fragmented nuclei compared with
vehicle-treated cells (Figure 2).

Protective effects of losartan and simvastatin
against Ang II-induced apoptosis

To elucidate the protective nature of losartan and simvastatin
on Ang II-induced apoptosis, we examined cell apoptosis
using microscopy and flow cytometry. Cells were exposed to
either losartan or simvastatin at concentrations of 10-8–10-4 M

for 48 h and subsequently stained with Hoechst 33258. The
morphology of fragmented nuclei in apoptotic cells is
displayed in Figure 2. These observations were confirmed
by flow cytometry. We found that the percentage of apoptotic
cells was markedly increased in the Ang II group compared
with the control group. Compared with the Ang II group, the
numbers of apoptotic cells were significantly decreased when

co-cultured with either losartan or simvastatin, and this effect
was markedly greater when cells were cultured with both
losartan and simvastatin (Figure 3).

Synergistic interaction between losartan and
simvastatin on cell viability and apoptosis

To study the nature of the interaction between losartan and
simvastatin, their concentration-dependent inhibitory effects
against Ang II-induced cardiomyocyte apoptosis were
determined when the agents were used individually and in
combination. A probability testing model was used to
investigate the nature of the interaction between losartan
and simvastatin, as described above. The q values were 1.31
for cell viability and 1.21 for cardiomyocyte apoptosis. These
results suggested that the inhibitory effect of the combination
of the two agents on apoptosis was larger than the expected
additive effect with each drug alone, at both low and high
doses (Figure 1, Table 1).

Effects of losartan and simvastatin on Bax
and Bcl-2 protein expression

Bax proteins are pro-apoptotic whereas Bcl-2 proteins have
anti-apoptotic actions. The ratio between Bcl-2 and Bax
expression has been proposed as an important marker of
myocardial cell survival probability. Flow cytometry ana-
lyses were conducted to determine whether the anti-apoptotic
effects of losartan and simvastatin were due to a change in
the ratio between Bcl-2 and Bax. Ang II induced a significant
increase in Bax protein and a significant decrease in Bcl-2
protein expression in cardiomyocytes. Losartan or its

(b)(a) (c)

Figure 2 Morphological characterisation of cardiomyocyte apoptosis. Nuclear morphological changes were observed by Hoechst 33258 staining.

Apoptotic cells were identified by their typical morphological appearance, with chromatin condensation and nuclear fragmentation. (a) Control;

(b) angiotensin II (10-7 M); (c) angiotension II (10-7 M) + losartan and simvastatin (both 10-5 M). The upper row of images are at ¥40 magnification

and the lower row at ¥200.
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combination with simvastatin effectively prevented the Ang
II-induced increase in the expression of Bax. However,
treatment with simvastatin had no such effect (Figures 3–5).

Discussion

Losartan and simvastatin are two classic drugs widely used in
the treatment of cardiovascular diseases, such as myocardial
ischaemia, myocardial infarction and heart failure. The two
drugs belong to two different classes, and their mechanisms
of action are quite different. This study showed that apoptosis
induced in cardiomyocytes by Ang II can be considerably
reduced by the combination of losartan and simvastatin. We
also demonstrated that losartan/simvastatin combination
therapy had anti-apoptotic effects, and the effects of the
two drugs were synergistic rather than additive. Ang II
induced a significant increase in Bax protein expression but

decreased expression of Bcl-2. Treatment with losartan in
combination with simvastatin blocked the increased Bax
expression and increased Bcl-2 expression, while simvastatin
had no such effect.

Other mechanisms for the observed effect could involve a
causal relationship with the AT1 receptor. The interaction of
the receptor and the action of these drugs needs further
investigation.

Given that Ang II acts as an efficient inducer of apoptosis in
adult and neonatal cardiomyocytes,[29,30] we used this model to
investigate the synergism between losartan and simvastatin on
cardiomyocyte apoptosis. When cardiomyocytes were exposed
to Ang II, cell viability was significantly decreased and marked
apoptosis was observed. Because a single assay for apoptosis is
difficult to interpret, we assessed cardiomyocyte death using
three separate assays. Morphological assessment of cardio-
myocytes demonstrated that cell shrinkage, characteristic of
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Figure 3 Effects of losartan (Los) and simvastatin (Sim) on cardiomyocyte apoptosis. The apoptotic ratio of cardiomyocytes in different groups
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apoptosis, was more common in cells treated with Ang II
compared with vehicle-treated cells. Flow cytometry analysis
showed that the number of apoptotic cells was markedly
increased in the Ang II-treated cells but decreased in the cells
treated with losartan or simvastatin; this effect was exacerbated
when the drugs were used in combination. Furthermore, the
MTT assay demonstrated that cell viability in the losartan- and
simvastatin-treated and vehicle-treated groups was much
higher than that in cells treated with Ang II alone.

The probability sum test was used to determine whether the
effect of the combination of the two drugs was synergistic. This
test was first proposed by Jin in 1980[31] and subsequently
adapted for evaluating the synergism of two antihypertensive
drugs.[32,33] In the present work, we found that in cultured
neonatal rat cardiomyocytes, cell viability and cardiomyocyte
apoptosis was markedly influenced by pretreatment with either
losartan or simvastatin, and that these effects were markedly
enhanced when the two drugs were used in combination. The
q values for cell viability and cardiomyocyte apoptosis were
1.31 and 1.21, respectively. Taken together, these findings
clearly demonstrate that the treatment with losartan and
simvastatin in combination has an overt synergistic effect on
cardiomyocyte apoptosis induced by Ang II. In another study,
we have also observed that chronic treatment with losartan and

simvastatin protected cardiomyocytes from apoptotic death,
and improved cardiac dysfunction and left ventricular remodel-
ling, and attenuated the development of cardiac cachexia in a rat
model of pressure overload-induced heart failure (unpublished
data). We also found that losartan and simvastatin had
cooperative effects (unpublished data). These studies suggest
that the anti-apoptotic effects of losartan and simvastatin may
be an important underlying mechanism accounting for their
cardioprotective actions.

Cell death is controlled in part by a complex interplay
between regulatory proteins such as pro-apoptotic and anti-
apoptotic mediators, Bax and Bcl-2, respectively. In cardio-
myocytes, Bcl-2 is a prototype for an anti-death or survival
factor, whereas Bax accelerates the apoptotic process. The ratio
of Bax to Bcl-2 determines death or survival of cardiomyocytes
after an apoptotic stimulus.[34,35] We used flow cytometry
analysis to detect Bax and Bcl-2 protein expression in cultured
neonatal cardiomyocytes. Our data show that Ang II induced a
significant decrease in the expression of Bcl-2 and a significant
increase in Bax protein in cardiomyocytes compared with the
control group. Losartan alone and in combination with
simvastatin effectively upregulated Bcl-2 protein and down-
regulated Bax protein expression, while simvastatin had no
such effect. These observations suggest that losartan, alone or in
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Figure 4 Effects of losartan (Los) and simvastatin (Sim) on Bax protein expression in cardiomyocytes. (a) Control; (b) angiotensin II (Ang; 10-7 M);
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combination with simvastatin, modifies the imbalance of Bax
and Bcl-2 in apoptotic cardiac cells.

Conclusions

Collectively the data demonstrate that the combination of
losartan and simvastatin have an obviously synergistic effect
on preventing apoptosis induced by Ang II in cultured
neonatal rat cardiomyocytes. In addition, the mechanisms by
which losartan and simvastatin protect cardiomyocytes from
apoptosis are dissimilar. The anti-apoptotic mechanisms of
losartan and simvastatin, and their combination, deserve
further investigation.
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