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Abstract 

Sodium nitroprusside (SNP) is used clini-
cally as a rapid-acting vasodilator and in exper-
imental models as donor of nitric oxide (NO).
High concentrations of NO have been reported
to induce cardiotoxic effects including apopto-
sis by the formation of reactive oxygen species.
We have therefore investigated effects of SNP
on the myofibrillar cytoskeleton, contractility
and cell death in long-term cultured adult rat
cardiomyocytes at different time points after
treatment. Our results show, that SNP treat-
ment at first results in a gradual increase of
cytoskeleton degradation marked by the loss of
actin labeling and fragmentation of sarcomer-
ic structure, followed by the appearance of
TUNEL-positive nuclei. Already lower doses of
SNP decreased contractility of cardiomyocytes
paced at 2 Hz without changes of intracellular
calcium concentration. Ultrastructural analy-
sis of the cultured cells demonstrated mito-
chondrial changes and disintegration of sar-
comeric alignment. These adverse effects of
SNP in cardiomyocytes were reminiscent of
anthracycline-induced cardiotoxicity, which
also involves a dysregulation of NO with the
consequence of myofibrillar degradation and
ultimately cell death. An inhibition of the path-
ways leading to the generation of reactive NO
products, or their neutralization, may be of sig-
nificant therapeutic benefit for both SNP and
anthracycline-induced cardiotoxicity.

Introduction

Sodium nitroprusside (SNP) is used clini-
cally as a rapid-acting vasodilator, active on
both arteries and veins. Its hypotensive action
is accompanied by an unchanged or augment-
ed cardiac output.1 SNP acts by the formation

of nitric oxide (NO) and subsequent stimula-
tion of cyclic guanosine monophosphate
(cGMP), which in turn leads to a negative
inotropic effect and relaxation in muscle
cells.2,3 The main toxicity observed clinically
with SNP is the gradual release of cyanide,
which complexes with the iron of mitochondr-
ial cytochromes and this inhibits ATP produc-
tion in cells.1,2 Cardiotoxic mechanisms of
higher doses of SNP have been investigated in
embryonic chick cardiomyocytes, and it was
suggest that H2O2 is involved in the pathogen-
esis of SNP-induced cardiomyocyte cell death.4

SNP-induced apoptosis could be inhibited with
antioxidants in the same model system, indi-
cating an important role of reactive oxygen
species (ROS).5 The cardiotoxicity of SNP in
cardiomyocytes shows similarities to another
well-described class of drugs: the anthracy-
cline cancer therapies. Anthracyclines can
cause early cardiomyopathy as well as late-
onset ventricular dysfunction.6 While apopto-
sis7 and calcium store depletion8 in cardiomy-
ocytes have been documented mostly at supra-
clinical doses of anthracyclines, induction of
reactive oxygen species (ROS) and myofibril-
lar damage were reported already at subclini-
cal doses.9-12

A direct link between the cardiotoxicity of
anthracyclines and effects of NO in the heart
has been provided by research on nitric oxide
synthases (NOS). Three NOS isoforms are
known: neuronal (nNOS, or NOS1), inducible
(iNOS, or NOS2), and endothelial (eNOS, or
NOS3). The anthracycline doxorubicin (Doxo)
binds to all 3 NOS isoforms, leading to inhibi-
tion of NOS activity and reduction of the
anthracycline.13 Of the three NOS isoforms,
NOS3 has the highest affinity for Doxo.13 The
deleterious role of NOS3 after the administra-
tion of Doxo has been observed previously in
vitro and it was shown that the NOS3 reduces
doxorubicin to the semiquinone radical. As a
consequence, superoxide formation is
enhanced and nitric oxide production is
decreased.14-16 However, NG-nitro-L-arginine
methyl ester (L-NAME), an inhibitor of the
oxygenase domain of NOS3, has been shown to
increase mortality after Doxo treatment in
mice,17 suggesting that NO synthesis is protec-
tive against Doxo-induced cardiac toxicity.
Additionally, it has been shown that NOS3-
deficient mice had reduced, and NOS3-overex-
pressors had increased cardiac dysfunction
and myocardial injury after Doxo treatment.18

A similar dual action of NO has been demon-
strated in cultured embryonic cardiomy-
ocytes:19 whilst low concentrations of NO have
protective effects against cell death,9 excessive
NO concentrations, particularly in situations
when peroxynitrite and H2O2 is formed, might
immediately lead to oxidative injury.20 Another
field of study where NOS and NO play an

important role is hypoxia/reoxygenation,
which represents a very common situation in
clinical practice. It has been recently demon-
strated, that not only short-term hypoxia, but
also the subsequent reoxygenation period
upregulate the cardiac NO/NOS system until at
least 5 days after the hypoxic stimulus.21

Here we demonstrate adverse effects of SNP
and their sequence of appearance in long-term
cultured adult rat ventricular cardiomyocytes
(ARVM) regarding contractility, cytoskeleton
degradation, ultrastructural changes of mito-
chondria, and apoptosis.

Materials and Methods

Isolation of adult rat ventricular
cardiomyocytes
Adult (250-300 g) male Wistar rats from an

in-house breeding facility were killed by pento-
barbital (Streuli Pharma AG, Uznach,
Switzerland) injection. Isolation of calcium-
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tolerant cardiomyocytes was achieved accord-
ing to previously published methods.22

Cardiomyocytes used for the contractility
measurements kept their rod-shaped morphol-
ogy within 18 h in ACCT medium containing:
fatty, acid-free bovine serum albumin 2 mg/mL,
L carnitine 2 mM, creatine 5 mM, taurine 5
mM, triiodothyronine 10 nM (all from Sigma,
Buchs, Switzerland), penicillin 100 U/mL, and
streptomycin 100 mg/mL (Invitrogen,
LuBioScience, Lucerne, Switzerland) in
MEM199 (Amimed, BioConcept, Allschwil,
Switzerland). Cardiomyocytes assumed a star-
shaped morphology (long-term model) in
medium containing: 20% fetal calf serum
(FCS) (PAA laboratories, Austria), cytosine 1-
β-D-arabinofuranoside 10 μM, creatine mono-
hydrate (Sigma) 20 mM, penicillin 100 U/mL
and streptomycin 100 mg/mL (Invitrogen) in
MEM199 (Amimed). All experiments were car-
ried out according to the Swiss animal protec-
tion law and with the permission of the state
veterinary office. The investigation conforms
with the Guide for the Care and Use of
Laboratory Animals published by the US
National Institutes of Health (NIH Publication
No. 85-23, revised 1996).

Pharmacological treatments
Doxorubicin hydrochloride (Doxo) (cat.

num. D1515), the all-NOS inhibitor L-NG-
monomethyl Arginine acetate (L-NMMA) (cat.
num. M7033) and sodium nitroprusside dihy-
drate (SNP) (cat. num. S0501) were obtained
from Sigma-Aldrich (Buchs, Switzerland).
Ventricular adult rat cardiomyocytes were cul-
tured for 12 days and then treated in the dark
with SNP or with Doxo solved in water. The
irreversible pan-caspase inhibitor Z-VAD-FMK
was obtained from Calbiochem (Merck,
Darmstadt, Germany) and solved in DMSO. 

Immunofluorescence and confocal
microscopy
Cultures were washed 3 times with PBS,

fixed with 3% paraformaldehyde for 15 min,
permeablized with 0.2% triton-X in PBS for 10
min, incubated for 30 min with bovine serum
albumin (Sigma) 1 mg/mL in PBS at room tem-
perature, incubated over night with the pri-
mary antibodies at 4°C, washed 3 times with
PBS and incubated 1 h with the secondary
antibody. Anti mouse monoclonal antibodies
used were for alpha-actinin (Sigma, clone EA-
53), and myomesin (clone B-4).23 Anti mouse
secondary antibodies were coupled with Alexa
Fluor-488 (Invitrogen) and phalloidin coupled
with Alexa Fluor-532 (Invitrogen) was used to
visualize actin filaments. The morphology of
the cytoskeleton was analyzed using an invert-
ed fluorescence microscope LEITZ DM IL
(Leica) equipped with a 40x oil objective

(Olympus) or with a confocal microscope Zeiss
LSM 410 using 64x and 100x oil objectives.
Confocal microscopy images are shown as sin-
gle optical sections.

Electron microscopy
Cardiomyocytes cultured on laminin-coated

glass coverslips were fixed for 6 h with 2% glu-
taraldehyde (Fluka Chemika) in 0.1 M sodium
cacodylate buffer at 4°C. Samples were then
postfixed for one h in 1% osmium tetroxide,
dehydrated stepwise to 70% ethanol and
stained en bloc for one h in 2% uranyl acetate
in 70% ethanol. Dehydration was carried out by
incubation in 90%-100% ethanol and several
mixtures of ethanol and propylenoxide
(Sigma). After dehydration was completed in
100% propylenoxide, the cells were infiltrated
within 24 hours with an epoxy resin based on
Epon812 (Epon 20g, DDSA 16 g, NMA 7 g and
DMP-30 1 g, all from Fluka Chemika) in a
series of ascending mixtures of epoxy
resin/propylenoxide. Gelatin capsules filled
with 100% resin were placed on the coverslips
and the samples were heat polymerized for 48
h at 60°C. The glass coverslips were then
removed from the resin by immersion of the
capsules in liquid nitrogen. Ultrathin sections
of the surface of the block were cut on a
Reichert Diatom ultramicrotome, placed on
carbon and formvar coated copper grids
(Provac, Sprendlingen, Germany) and were
poststained with uranyl acetate and lead cit-
rate according to standard procedures.
Preparations were examined in a JEOL
JEM100C (JEOL, Tokyo, Japan) transmission
electron microscope at 80 kV.

Contractility and calcium transients
Glass coverslips with attached ARVMs were

incubated for 15 min in Tyrode's buffer (in
mmol/L: NaCl 137, KCl 5.4, CaCl2 1.2, MgCl2
0.5, HEPES 10, and glucose 10, pH 7.4, 37°C)
containing 1 mmol/L of membrane-permeant
fura-2-AM (Invitrogen) and rinsed with
Tyrode's buffer containing 500 mmol/L of
probenecid to prevent leakage of fura-2.
Temperature stability in the closed chamber
assembly and superfused buffer was continu-
ously monitored and automatically maintained
by a temperature controller (Warner Instru -
ment Corp., Hamden, CT, USA). Cells were
electrically field-stimulated at a frequency of 2
Hz (Myopacer, Ionoptix, Milton, MA, USA).
Several contraction events were averaged for
transient analysis and all sarcomere length
and calcium measurements were equally fil-
tered by a lowpass Butterworth algorithm in
IonWizard (IonOptix). Contractile properties
and intracellular Ca2+ ratios were analyzed as
described.24 

Cell death assays
Terminal deoxyribonucleotidyltransferase-

mediated d-Uridine 5’ triphosphate nick end
labeling (TUNEL) assay was performed accord-
ing to the manufacturers instructions (In situ
cell death detection kit AP, Roche Applied
Science, Indianapolis, IN, USA), with the
exception of prolonged permeabilization and
incubation steps. Incubation with DNAse I
(Sigma) was used as positive control for DNA
nick labeling. DNAse application in untreated
cardiomyocytes led to TUNEL-positive nuclei
in 100% of cells (not shown). Caspase-3 activ-
ity was assessed using the substrate Asp-Glu-
Val-Asp coupled to a fluorescent compound
(BioVision, Mountain View, CA, USA) accord-
ing to the manufacturer’s instructions. The
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) in cells is
considered an indicator of cellular viability and
was shown to be a measure of the rate of gly-
colytic NADH production by microsomal
enzymes.25 Cells were incubated for 2 hours at
37°C in the dark with MTT (Invitrogen) solved
in Tyrode’s buffer. Cells were then washed and
lysed to release formazan (lysis buffer: 0.6%
glacial acetic acid and 10% SDS in DMSO) and
lysates were analyzed using a Safire
Infinite200 multiwell-plate reader (Tecan
Group, Männedorf, Switzerland).

Statistical analysis
All values are expressed as mean ±SD.

Statistical analysis of differences observed
between the groups was performed by
Student’s unpaired t-test. Statistical signifi-
cance was accepted at the level of P<0.05.
Graph layouts were created with the program
Prism 5 (GraphPad Software Inc., La Jolla, CA,
USA).

Results

Loss of myofibril integrity in car-
diomyocytes treated with Doxo
The anthracycline Doxo leads to degradation

of sarcomeric proteins in cardiomyocytes already
at sub-apoptotic concentrations.8 Cardiomyo -
cytes were isolated and cultured for 12 days. The
cells formed a dense monolayer of spontaneously
contracting cells indicating the completed re-for-
mation of myofibrils, which was confirmed by
immunostaining for the M-line protein
myomesin and actin and confocal microscopy
(Figure 1, left). After treatment with Doxo (1 µM
for 48 h) the cells showed myofibrillar disarray at
variable extent from almost unchanged morphol-
ogy in some cells to a complete loss of myofibrils
in others (Figure 1, right).
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Contractility and intracellular calci-
um in cardiomyocytes treated with
SNP
We were interested to investigate the con-

tractile properties and calcium handling in adult
cardiomyocytes treated with SNP not acutely,
but at a later time point after treatment that
more closely represents sustained injury (18 h)
in our experiments (Figure 2). For this purpose,
adult rat cardiomyocytes were freshly isolated,
kept in serum-free medium on glass coverslips,
treated for 18 h as indicated and measured at
37°C and with electrical field pacing at 2 Hz.
The all-NOS inhibitor L-NMMA alone did not
significantly change fractional shortening nor
intracellular calcium (Figure 2). Treatment with
SNP at 50 µM and 100 µM resulted in a signifi-
cant reduction of fractional shortening, of the
return time from peak of contraction to 80% of
the baseline value, but not of systolic peak calci-
um. This finding could be partially explained
with the known negative inotropic effect of NO
via cGMP and reduction of calcium sensitivity of
myofibrils3,26,27 or, additionally, with the onset of
myofibrillar disarray and further cellular injury
after chronic treatment in our experiments.

Sequence of the appearance of
cells showing myofibrillar degrada-
tion and cell death
We have studied the effect of SNP on cell

death parameters and cytoskeleton changes at
different time points and SNP concentrations
(Figure 3). Cardiomyocytes cultured for 12
days were exposed to doxorubicin 10 µM or
SNP 3 mM and caspase-3 activity was assessed
in cell lysates (Figure 3A, left). The earlier
time point of 6 hours was chosen in order to
capture the initial stage of cellular damage.
Doxorubicin but not SNP led to a significant
increase of caspase-3 activity in this experi-
ment. Cell viability after 12 h of treatment with
different doses of SNP was then assessed
using the MTT-assay (Figure 3 A, right). A sig-
nificant reduction of formazan formation and
viability was found with SNP at 3mM and a
strong reduction with 6 and 9 mM respectively.
The treatment with a pan-caspase inhibitor (Z-
VAD-FMK, 20 µM) did not significantly change
viability alone, but failed to rescue the effect of
3 mM SNP. We then assessed DNA degradation
and cytoskeleton changes in the same cells
(Figure 3B). The cells were fixed and
processed with the TUNEL assay after treat-
ment with SNP 3 mM for different times, then
immunostained for cytoskeleton proteins
alpha-actinin (in blue) and F-actin (in red). It
turned out, that the F-actin staining was gen-
erally fading away earlier than alpha-actinin in
cardiomyocytes with TUNEL-positive nuclei.
Structural damage as assessed from confocal

images was already statistically significant
after 30 min treatment (P<0.05 vs untreated),
whereas cells with DNA degradation appeared
only after 3 h. Myofibrillar degradation reached
P<0.05 compared to untreated cells already
after 0.5 h, whereas the percentage of TUNEL
positive cells required 3 h to reach the same
level of statistical significance.

Gradual degradation of the sar-
comeric and non-sarcomeric
cytoskeleton and mitochondrial
changes
Figure 4 shows the gradual degradation of

the cytoskeleton of cardiomyocytes treated
with 3 mM SNP and fixed and immunostained

Original paper

Figure 1. Doxo induces myofibrillar structural damage in ARVM. Cells were cultured for
12 days and then treated with 1 µM of Doxo for 48 h. ARVM were stained for all actin
using rhodamin-phalloidin (red) and immunostained for the M-line protein myomesin
(green). Left: untreated ARVM. Right: structural damage was heterogeneously distributed
in the cultures treated with Doxo including the presence of virtually unchanged cells
(green arrow) and others losing all sarcomeric structure (red arrow). Cells from 4 hearts
were independently treated and analyzed.

Figure 2. Effect of chronic SNP treatment on contractility and calcium. Freshly isolated
cardiomyocytes were cultured in serum-free medium and treated with the all-NOS
inhibitor L-NMMA 100 µM or sodium nitroprusside as indicated for 18 h before meas-
urement at 37°C and with 2 Hz electrical field pacing. SNP at 50 and 100 µM caused a
significant reduction of fractional shortening (left) and of the late phase of relaxation, but
no significant change of systolic fura-2 ratio (right) or its kinetics in the late phase of
relaxation. L-NMMA did not induce significant changes in any of the measured parame-
ters. Typical contraction and fura2-transients are shown below for each treatment. Black
arrows below the time axis indicate the pacing events. *P<0.05 vs untreated, **P<0.001 vs
untreated, n = 20 cells from 3 hearts.
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for alpha-actinin and F-actin. It is possible to
clearly discern the sarcomeric cytoskeleton
marked by the Z-discs of sarcomeres labeled
with alpha-actinin from the non-sarcomeric
part showing actin cables and a bead-like
structure in the alpha-actinin channel (Figure
4, A1/A2). The insets show the boundary of
these two types of cytoskeletal structures.
However, after SNP treatment, this separation
gets blurred and is replaced by an overall punc-
tate pattern for alpha-actinin and a rarefica-
tion and clumping of the actin filaments
(Figure 4, B1/B2), a pattern that is even more
pronounced after 12 h of SNP-treatment
(Figure 4, C1/C2). Additional evidence for the
relevance of SNP-induced effects on the
cytoskeleton structure was provided by elec-
tron microscopy of cultured cardiomyocytes
(Figure 5). Untreated cells in long-term cul-
ture for 14 days showed well-developed myofib-
rils and mitochondria (Figure 5A). M-lines
were occasionally discernible in sarcomeres.
ARVM were then treated with 3 mM SNP for 2
and 5 h (Figure 5 B,C). Myofibril disintegra-
tion marked by fragmentation of Z-discs and
mitochondrial swelling was observed after 2 h
of SNP treatment (Figure 5B). These changes
were more pronounced after 5 h treatment.
Figure 6C shows a cell-cell contact area (aster-
isks) with cardiomyocytes on both sides dis-
playing different levels of damage, as judged by
the grade of mitochondrial changes and degra-
dation of myofibrils. 

Discussion

Deterioration of myofibrillar structure in
cardiac muscle tissue is a common feature of
several types of cardiomyopathies. Such patho-
logical changes in the myocardium are com-
monly observed in human heart failure of dif-
ferent etiologies28,29 and also in experimental
models such as in dogs with low coronary blood
flow resulting in the so-called myocardial stun-
ning.30 In clinical cardiotoxicity associated
with cancer chemotherapies, morphological
changes in the myocardium have been corre-
lated with early cardiac dysfunction,12,31 which
usually is reversible and does not pose an
immediate concern for the health of the
patient.32

The connecting feature of the above men-
tioned observations is cardiomyocyte injury,
although the molecular mechanisms may dif-
fer, and there is a general need for therapeutic
interventions to rescue the cells before irre-
versible damage leads to cell death. Adult car-
diomyocytes treated with a high dose of SNP
displayed myofibrillar degradation proportion-
ally to exposure time. The results of the
immunofluorescence experiments were con-

firmed by electron microscopy demonstrating
the gradual disintegration of cytoskeleton fine
structure and the considerable heterogeneity
of cellular damage in cultures treated with
SNP. This cellular injury is probably also the
cause of defects in contractility of electrically
stimulated cardiomyocytes, although we have

to consider that several factors could con-
tribute to this effect after chronic treatment.
Apoptosis, as assessed by DNA degradation,
was observed after longer exposure, increas-
ing only after a certain threshold of cellular
damage. A similar outcome was observed with
anthracyclines in cultured adult cardiomy-
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Figure 3. Viability and myofibrillar structure. Isolated ARVM were cultured for 14 days
then treated with SNP or Doxo and cell viability and structural changes were analyzed. A)
Left: assay for caspase-3 activity after treatment with 3 mM SNP or 10 µM Doxo for 6 h.
Right: MTT assay after treatment with different concentrations of SNP or a pan-caspase
inhibitor for 12 hours. B, C) Cultures were treated with 3 mM SNP for 0-15 h and
processed with the TUNEL assay (positive nuclei: green), then immunostained for actin
(red) and alpha-actinin (blue) and counted. The * and # signs in (B) indicate the time
points, when results became significant vs untreated cells at the level of P<0.05 and better
in all following measurements. Representative confocal images as shown in (C), 20 fields
in each condition, were used for assessing the percentage of cells displaying morphologi-
cal changes. * and # P<0.05 vs untreated, ***P<0.001 vs untreated, cells were isolated from
3 hearts and independently processed.
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ocytes.33 Is the structural damage the effect or
the cause of apoptosis? Our results using cas-
pase-3 activity and the TUNEL-assay suggest,
that apoptosis may not be involved in the earli-
er cellular injury by SNP, when the cytoskele-
ton changes are already visible. However, the
formation of ROS usually has multifactorial
consequences in cells, often affecting mito-
chondria, and many of these effects will ulti-
mately lead to necrosis and apoptosis. Both
anthracyclines and SNP interfere with mito-

chondrial metabolism, either by complexation
of the iron of several mitochondrial enzymes
with cyanide,4 or by modulation of mitochondr-
ial enzymes and interaction with cardiolipin
and oxidative stress in the case of anthracy-
clines (for review10). NO does indeed play a
role in anthracycline-induced cardiotoxicity, as
mentioned in the introduction, by interaction
with NOS3 and the formation of superoxide.14-
16 So far, it seems that attenuation of anthracy-
cline-induced free radical formation is an effi-

cient strategy to preserve myocardial viability
and function.34 The iron chelator dexrazoxane
(Zinecard®) has been successfully used to this
aim in vitro35 and in clinical practice36 without
significantly diminishing antitumor activity of
the chemotherapeutic regimen. An inhibition
of the pathways leading to the generation of
reactive NO products and ROS in general, or
their neutralization, may be of significant
therapeutic benefit for both SNP and anthracy-
cline-induced cardiotoxicity.
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Figure 4. SNP gradually affects myofibrillar integrity over time. Isolated ARVM were cul-
tured for 14 days then treated with 3 mM SNP for 3 and 12 h. Typical cells are shown out of
15 photographed areas for each condition from 3 independently processed hearts. ARVM
were stained with rhodamin-phalloidin for all actin (A1-C1) and immunostained for α-
actinin (A2-C2). Magnified inserts in the α-actinin column demonstrate the gradual degra-
dation of sarcomeric structure including clumping of myofibrils and contraction of the cells.

Figure 5. SNP alters the ultra-structure of
cardiomyocytes. Isolated ARVM were
cultured for 14 days then treated with 3
mM SNP for 0 (A), 3 (B) and 5 (C) hours
and processed for electron microscopy.
Typical cells are shown out of 15 areas for
each condition from 3 independently
processed hearts. Mitochondrial swelling
was observed in SNP-treated cultures.
Typical mitochondria are indicated with
black arrowheads (A-C). Fasciae
adherens and desmosomes are visible in
the middle of image C (black asterisks)
indicating a line of cell-cell contacts
between two cardiomyocytes differently
affected by the SNP treatment.
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