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Levosimendan induces NO production through p38
MAPK, ERK and Akt in porcine coronary endothelial
cells: role for mitochondrial KATP channel

E Grossini, C Molinari, PP Caimmi, F Uberti and G Vacca

Laboratorio di Fisiologia, Dipartimento di Medicina Clinica e Sperimentale, Facoltà di Medicina e Chirurgia, Università del
Piemonte Orientale ‘A. Avogadro’, Novara, Italy

Background and purpose: Levosimendan acts as a vasodilator through the opening of ATP-sensitive K+ channels (KATP)
channels. Moreover, the coronary vasodilatation caused by levosimendan in anaesthetized pigs has recently been found to be
abolished by the nitric oxide synthase (NOS) inhibitor Nw-nitro-L-arginine methyl ester, indicating that nitric oxide (NO) has
a role in the vascular effects of levosimendan. However, the intracellular pathway leading to NO production caused by
levosimendan has not yet been investigated. Thus, the purpose of the present study was to examine the effects of levosimendan
on NO production and to evaluate the intracellular signalling pathway involved.
Experimental approach: In porcine coronary endothelial cells (CEC), the release of NO in response to levosimendan was
examined in the presence and absence of Nw-nitro-L-arginine methyl ester, an adenylyl cyclase inhibitor, KATP channel agonists
and antagonists, and inhibitors of intracellular protein kinases. In addition, the role of Akt, ERK, p38 and eNOS was investigated
through Western blot analysis.
Key results: Levosimendan caused a concentration-dependent and K+-related increase of NO production. This effect was
amplified by the mitochondrial KATP channel agonist, but not by the selective plasma membrane KATP channel agonist. The
response of CEC to levosimendan was prevented by the KATP channel blockers, the adenylyl cyclase inhibitor and the Akt, ERK,
p38 inhibitors. Western blot analysis showed that phosphorylation of the above kinases lead to eNOS activation.
Conclusions and implications: In CEC levosimendan induced eNOS-dependent NO production through Akt, ERK and p38.
This intracellular pathway is associated with the opening of mitochondrial KATP channels and involves cAMP.
British Journal of Pharmacology (2009) 156, 250–261; doi:10.1111/j.1476-5381.2008.00024.x; published online 19
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serum; DAF-FM, 4-amino-5methylamino-2’,7’-difluorofluorescin diacetate; SDS, sodium dodecyl sulphate;
NaF, sodium fluoride; BCA, bicinchoninic acid; PVDF, polyvinylidene fluoride; DMSO, dimethyl sulphoxide;
CD34, endothelial cell marker 34

Introduction

Levosimendan, a pyridazinone-dinitrile derivative, which
elicits a positive inotropic effect by a combination of an
increase in myofilament Ca2+ sensitivity and an inhibition of
phosphodiesterase III (Takahashi and Endoh, 2005), exerts
beneficial effects on myocardial performance. Levosimendan

also induces arteriolar and venous dilatation. The vasodilator
effect of levosimendan has been demonstrated in several
vasculatures such as mesenteric arteries and skeletal muscle
microvessels in rats (Erdei et al., 2006) and coronary arteries
in various animal models (Kaheinen et al., 2001; Grossini
et al., 2005). Also in humans, levosimendan administration
has been shown to induce vasodilatation in coronary and
internal mammary arteries (Michaels et al., 2005; Akar et al.,
2007) and in saphenus and portal veins (Pataricza et al., 2000;
Höhn et al., 2004). The vasodilatation exerted by levosimen-
dan has been attributed to the inhibition of phosphodi-
esterase III (Haikala and Linden, 1995), the desensitization of
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contractile proteins to Ca2+ (Bowman et al., 1999) and to the
opening of ATP-sensitive K+ channels (KATP; Yokoshiki et al.,
1997; Yildiz, 2007), which are expressed on the surface of cell
membranes in vascular smooth muscle cells and cardiomyo-
cytes and in the cardiac mitochondrial inner membrane
(Zoltán et al., 2005). It is noteworthy that, recently, a role for
nitric oxide (NO) in the mechanism of action of vasodilata-
tion has also been suggested. The coronary vasodilatation
caused by levosimendan administration in anaesthetized pigs
was, in fact, prevented by the nitric oxide synthase (NOS)
blocker Nw-nitro-L-arginine methyl ester (L-NAME) (Grossini
et al., 2005). It is notable that NO has been shown to be
associated with the KATP channel. Nitric oxide not only oper-
ates through the production of cGMP and the activation of
PKG, but also through the opening of KATP channels via the
phosphorylation of serine-threonine residues (Nelson and
Quayle, 1995; Han et al., 2002; Jackson, 2005). Indeed, the
NO-cGMP-PKG signalling pathway has been found to induce
anoxic preconditioning through activation of KATP in rat and
rabbit hearts (Cuong et al., 2002; Das and Sarkar, 2007).
Recently, Das and Sarkar (2007) showed that the beneficial
effects exerted by levosimendan against ischaemia/
reperfusion injuries in anaesthetized rabbits could be attenu-
ated by both the mitochondrial KATP channel blocker
5-hydroxydecanoate (5HD), and the inhibition of NOS. In
addition, reports in the literature indicate that the opening of
KATP is involved in endothelial NO release. In cerebral vessels,
intraluminal application of the KATP channel opener nic-
orandil (1 mmol·L-1) causes an NO-dependent vasodilatation,
which can be blocked by the KATP channel blocker glibencla-
mide (Janigro et al., 1997).

Protein kinases such as PI3-kinase, p38MAPK and ERK have
been shown to have a role in the intracellular signalling
involved in both KATP channel opening and NO production,
(Oldenburg et al., 2002; Lorenz et al., 2004; Wyatt et al., 2004;
Xu et al., 2004; Molinari et al., 2007; Grossini et al., 2008) and
it has been proposed that they act as an upstream or down-
stream trigger linking the surface receptors and the intracel-
lular pathways. It is noteworthy that in guinea-pig hearts
levosimendan pre-treatment was very effective at reducing
infarct size through an increase of ERK activity (du Toit et al.,
2008).

Thus, in the present study we examined the effects of levo-
simendan on NO production in endothelial cells isolated
from porcine coronary arteries so as to evaluate the role of KATP

channels in the above effects. Moreover, the involvement of
PI3K/Akt, ERK/MAPKs and p38/MAPK pathways leading to
eNOS activation was investigated.

We found that levosimendan induces eNOS and NO pro-
duction through the phosphorylation of PI3K/Akt, ERK/
MAPKs and p38/MAPK and the opening of KATP channels.

Methods

Cell preparation
Coronary endothelial cells (CEC) were obtained from anaes-
thetized prepubescent pigs. The coronary artery was isolated,
cut and washed three times in physiological sterile solution
and then transferred in a sterile culture dish containing

a specific culture medium (EGM-2, endothelial growth
media-2) with the addition of hEGF, hydrocortisone,
gentamycin-amphotericin-B 1000, 2% foetal bovine serum,
vascular endothelial growth factor, human fibroblast growth
factor-basic, recombinant analogue insulin-like growth
factor 1 human, ascorbic acid, heparin and 1% penicillin-
streptomycin-glutamine. The coronary arterial segment was
opened longitudinally under sterile conditions and the endot-
helial cells were obtained by scraping the luminal surface of
the coronary artery with a sterile bistoury. The collected cells
were plated into 0.1% gelatine-coated 100 mm culture dish
with EGM-2 supplemented with 1% penicillin-streptomycin-
glutamine and maintained at 37°C with 5% CO2. After 72 h,
10 ml of fresh medium was added and the incubation con-
tinued for 48 h. After this time, the cells formed a monolayer
and were subcultured. The cells used for the experiments were
obtained from passage 3 to passage 5. Before the experiments
the CEC were tested for endothelial cell marker 34 to verify
their endothelial origin.

After the cells had reached confluence, they were used for
NO production measurement (first series of experiments) and
protein phosphorylation (second series of experiments). In
the first series, 1 ¥ 105 cells were plated in 0.1% gelatine-
coated 24-well plates in EGM-2 complete medium for 24 h at
37°C with 5% CO2. At the end of this time, the cells were
washed with phosphate-buffered saline 1¥ (PBS 1¥) and main-
tained for 4–6 h in Dulbecco’s modified Eagle’s medium
supplemented with 1% penicillin-streptomycin-glutamine
without foetal calf serum and red phenol (starvation
medium). For the measurement of ATP production, 1 ¥ 104

CEC were plated in 0.1% gelatine-coated 96-well plates in
EGM-2 complete medium for 8 h at 37°C with 5% CO2. After
adhesion, CEC were maintained in the starvation medium for
4 h before the treatment with the same agents and conditions
used for the Griess assay.

In the second series of experiments, the cells were plated on
0.1% gelatine-coated dishes with EGM-2 complete medium.
The cells at confluence were washed with PBS 1¥ and then
incubated with starvation medium overnight at 37°C with 5%
CO2.

NO measurement
NO production was measured in the sample’s supernatants in
which an equal volume of Griess reagents was added, follow-
ing the manufacturer’s instructions. After 10 min, the absor-
bance at 570 nm was measured by a spectrophotometer
(BS1000 Spectra Count). NO production was quantified by
reference to a standard nitrate curve, which was generated in
the medium used for the experiments, as previously described
(Molinari et al., 2007; Grossini et al., 2008) and expressed as a
percentage.

The results obtained with the Griess method have also been
validated through the diaminofluorescein fluorophore system
(DAF-FM) used as previously described (Grossini et al., 2008;
John et al., 2008). Briefly, the cells were plated in 24-well
plates coated with 0.1% gelatine and maintained in starvation
medium for 4 h before treatment with the same agents
and conditions used for the Griess assay. At the end of the
stimulation periods, the cells were washed with sterile
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PBS 1¥ and incubated with 4-amino-5methylamino-2′,7′-
difluorofluorescin diacetate (DAF-FM) diacetate (0.8 mmol·L-1)
for 25 min in the dark in an incubator at 37°C with 5% CO2.
The cell-bathing medium was taken for measurement of fluo-
rescence by use of a fluorescence spectrophotometer. Fluores-
cence excitation and emission were 495 and 515 nm
respectively. To determine the range of reliable fluorescence
readouts, a standard curve for DAF-FM diacetate fluorescence
was generated using detanonoate (0.01–200 mmol·L-1; John
et al., 2008) incubated with DAF-FM diacetate (0.8 mmol·L-1)
for 25 min in the dark in an incubator at 37°C with 5% CO2.
The fluorescence of samples was measured by a fluorescence
spectrophotometer at lex/em 495/515 nm.

For the ATP assay, after each stimulation the medium was
aspirated and the cells were immediately treated with the
components of the ATP assay kit (nucleotide releasing buffer,
ATP monitoring enzyme, enzyme reconstitution buffer, ATP).
Luminescence was measured 1 min after the addition of ATP
monitoring enzyme in a Lucy 1 microplate luminometer
(Rosys Anthos, Wals, Austria). Some samples were lysed by
addition of an ice-cold Ripa buffer (50 mmol·L-1 HEPES,
150 mmol·L-1 NaCl, 0.1% SDS, 1% Triton-X100, 1% sodium
deoxycholate, 10% glycerol, 1.5 mmol·L-1 MgCl2, 1 mmol·L-1

EGTA, 1 mmol·L-1 NaF). The total protein in each well was
measured using a bicinconinic acid protein (BCA) assay, and
luminescence was expressed as mmol of ATP g-1 protein.

Western blot analysis
After stimulation with the same agents used for NO detection,
in the second series of experiments, CEC were washed with
ice-cold PBS 1¥, supplemented with 1:200 sodium orthovana-
date and lysed in an iced-Ripa-buffer supplemented with
1:200 sodium orthovanadate and 1:100 protease inhibitor
cocktail. The cells were dissolved by incubation for 30 min at
4°C and the proteins extracted were quantified by using BCA.
Twenty-five micrograms of cell lysate proteins was dissolved
in Laemmly buffer 5¥, heated for 5 min at 95°C and resolved
on 10% SDS-PAGE. After electrophoresis, proteins were trans-
ferred to PVDF membranes, which were incubated overnight
at 4°C with specific antibodies: anti-phospho-ERK (Thr202/
Tyr204), anti-ERK1/2, anti-phospho-Akt (Ser473), anti-Akt,
anti-phospho-p38 (Thr180/Tyr180), anti-p38, anti-phospho-
eNOS (Thr495), anti-eNOS. The membranes were washed and
then incubated with horseradish peroxidase-coupled goat
anti-rabbit IgG and horseradish peroxidase-coupled goat
anti-mouse IgG for 45 min, and were developed by use of a
non-radioactive method using Western lightning chemilumi-
nescence. Phosphorylated protein expression was normalized
through specific total protein expression and verified through
b-actin detection, and quantified by measuring the relative
optical density of the bands.

Experimental design
NO production In the first series of experiments, the NO in the
culture supernatants of CEC was measured through the Griess
method and verified through DAF-FM. The experiments were
performed either in the absence of K+ or with 5 mmol·L-1 K+ in
the starvation medium of CEC. The effects of levosimendan,
dissolved in a solution containing ethanol anhydrous, citrate

acid anhydrous and povidone (vehicle), on NO production
were examined in the absence or presence of the NO synthase
inhibitor L-NAME (10 mmol·L-1), the non-specific KATP

channel agonist cromakalim (1 mmol·L-1), the specific plasma
membrane KATP channel agonist P1075 (1 mmol·L-1), the spe-
cific mitochondrial KATP channel agonist diazoxide
(5 mmol·L-1), the non-specific KATP channel antagonist glib-
enclamide (1 mmol·L-1 for 20 min), the specific mitochondrial
KATP channel antagonist 5HD (1 mmol·L-1), the adenylyl
cyclase activator and blocker, forskolin (1 mmol·L-1) and 2′5′-
dideoxyadenosine, respectively (1 mmol·L-1) and of the PDEIII
inhibitor cilostazol (10 mmol·L-1). The role of p38 MAPK, PI3K
and MEK1 was tested by performing experiments in the
presence of their specific inhibitors SB203580 (1 mmol·L-1),
wortmannin (100 nmol·L-1) and UO126 (10 mmol·L-1), respec-
tively, which were dissolved in dimethyl sulphoxide and
allowed to act for 20 min before the addition of the other
agents. The vehicles of inhibitors and of levosimendan were
tested in the basal medium without addition of the agents
whereas ACh (10 mmol·L-1) was used as a positive control.

In some experiments, the effects of levosimendan on NO
production were examined in the presence of high K+ concen-
trations (10, 20, 30, 40, 60, 80 mmol·L-1) in the starvation
medium.

As the effects of levosimendan on KATP channel could be
related to changes in ATP production, some experiments were
performed to address this issue. In particular, the effects of
levosimendan on ATP production were examined in the
absence and presence of cromakalim, P1075 and diazoxide at
the same concentration used before.

Western blot analysis To determine the effects of levosimen-
dan, in the second series of experiments, the CEC were stimu-
lated with the same agents used for NO detection and the
effects on phosphorylation of ERK, Akt and p38 were exam-
ined as previously described.

Data analysis and statistical procedures Student’s t-test for
paired values and ANOVA were used to examine the changes in
NO production and protein phosphorylation caused by levo-
simendan. Data represent means of at least five independent
experiments for each experimental protocol and are expressed
as means � SD (range). A P-value < 0.05 was considered
statistically significant.

Drugs
Levosimendan was obtained from Orion Pharma (Espoo,
Finland); KCl, cromakalin, diazoxide, L-NAME, 2′5′-
dideoxyadenosine, glibenclamide, 5HD, detanonoate, wort-
mannin, cilostazol, dimethyl sulphoxide, acetylcholine,
forskolin, sodium orthovanadate, protease inhibitors cocktail,
PBS, HEPES, NaCl, SDS, Triton-X100, sodium deoxycholate,
glycerol, MgCl2, EGTA, NaF, gelatine, penicillin-streptomycin-
glutamine, Dulbecco’s modified Eagle’s medium were
obtained from Sigma-Aldrich; P1075 was obtained from Tocris
Bioscience (Ellisville, Missouri, USA); EGM-2, hEGF, hydro-
cortisone, gentamycin-amphotericin-B 1000, foetal bovine
serum, vascular endothelial growth factor, human fibroblast
growth factor-basic, recombinant analogue insulin-like
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growth factor 1 human, ascorbic acid and heparin were pur-
chased from Lonza, Inc. (Basle, Switzerland); Griess reagent
system, SB203580 and UO126 were obtained from Promega
Corporation (Madison, WI, USA). ATP assay kit was purchased
from EMD Biosciences (San Diego, CA, USA); DAF-FM was
purchased from Molecular Probes (Eugene, OR, USA); BCA was
obtained from Pierce (Rockford, IL, USA); SDS-PAGE, molecu-
lar weights and PVDF membranes were purchased from
Bio-Rad Laboratories (Hercules, CA, USA). Anti-phospho-ERK,
anti-ERK1/2, anti-phospho-AktSer473, anti-Akt, anti-phospho-
p38Thr180/Tyr180, anti-p38, anti-phospho-eNOSThr495, anti-eNOS
and horseradish peroxidase-coupled goat anti-rabbit IgG were
obtained from Cell Signaling Technologies (Beverly, MA, USA).
Horseradish peroxidase-coupled goat anti-mouse IgG and
b-actin were purchased from Alexis Biochemicals (San Diego,
CA, USA). Western Lightning Chemiluminescence was
obtained from Perkin Elmer (Boston, MA, USA). All drugs and
ion channels nomenclature conforms with the BJP’s Guide to
Receptors and Channels (Alexander et al., 2008).

Results

First series of experiments
Concentration–response study The effects of levosimendan on
NO release were examined in CEC, isolated and maintained
as described in Methods. As illustrated in Figure 1A,B,
1 min stimulation of CEC with levosimendan (0.01–
10 mmol·L-1) caused a concentration-dependent NO release,
which was detected by both the Griess system and DAF-FM.
The NO production caused by 10 mmol·L-1 levosimendan
amounted to 45.2 � 3.5% (P < 0.05). In the presence of
5 mmol·L-1 K+, the effects of levosimendan were significantly
amplified (Figure 1A,B; P < 0.05). At 10 mmol·L-1, in fact, the
NO production caused by levosimendan amounted to
59.2 � 4.3% (P < 0.05). This concentration of levosimendan
was maintained for all successive experiments.

Effects of levosimendan on NO production detected through the
Griess method To verify the intracellular pathway involved in
NO production caused by levosimendan and the role of the
KATP channel, CEC were treated with various agents in the
presence and absence of 5 mmol·L-1 K+ in the medium. ACh,
used as positive control, induced the release of similar
amounts of NO in the absence and presence of 5 mmol·L-1 K+

(Figure 2A,B; Table 1). The vehicle of levosimendan did not
induce any significant changes in NO production at any given
concentration (P > 0.05). The effects of various agents alone
or together on NO release are presented in Table 1.

In the absence of K+, the treatment of CEC with the non-
specific KATP channel agonist cromakalim (1 mmol·L-1) or the
specific mitochondrial KATP channel agonist diazoxide
(5 mmol·L-1) caused an increase of NO production (P < 0.05).
In the presence of levosimendan, the above effects were
amplified (Figure 2A; P < 0.05). It is notable that although the
treatment of CEC with the specific plasma membrane KATP

channel agonist P1075 (1 mmol·L-1) increased NO release com-
pared with control (P < 0.05), this effect was not amplified in
the presence of levosimendan (P > 0.05; Figure 2A).

Figure 1 Changes in the levels of NO produced in response to
levosimendan. In (A) and (B), changes in the level of NO were
determined by the Griess method and the DAF-FM diacetate fluo-
rescence system respectively. The results were obtained with levo-
simendan (0.01–10 mmol·L-1) in the presence or absence of
5 mmol·L-1 K+. The calibration curve for DAF-FM was obtained with
detanonoate (0.01–10 mmol·L-1). In (C), changes in the level of NO,
determined by the Griess method, induced by 10 mmol·L-1 levosi-
mendan in the presence of high K+ concentrations (10, 20, 30, 40,
60, 80 mmol·L-1). The data are shown as a percentage change
from control (means � SD). DAF-FM, 4-amino-5methylamino-2′,7′-
difluorofluorescin diacetate.
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In the presence of 5 mmol·L-1 K+, 10 mmol·L-1 levosimendan
potentiated, the effects of 1 mmol·L-1 cromakalim and
5 mmol·L-1 diazoxide on NO release by about 353% and 39%
respectively. These effects were significantly higher than the
ones obtained in the samples stimulated in the absence of
5 mmol·L-1 K+ (P < 0.05; Figure 2B). In contrast, the plasma
membrane KATP agonist P1075 failed to potentiate the effects
of levosimendan on NO production (P > 0.05; Figure 2B).

The treatment of CEC with 10 mmol·L-1 L-NAME abolished
both the effects of cromakalim and diazoxide given alone and
in the presence of levosimendan either in the absence or
presence of K+ (P > 0.05; Table 1). Interestingly, all the effects
of levosimendan on NO production were also abolished
in cells pre-treated for 15 min with 1 mmol·L-1 2′5′-
dideoxyadenosine; this treatment also prevented the NO

produced in response to co-stimulation with levosimendan
and cromakalim or levosimendan and diazoxide (P > 0.05;
Table 1).

The involvement of the KATP channel in the effects of levo-
simendan on NO production was also confirmed by experi-
ments performed in the presence of 1 mmol·L-1 glibenclamide
and 1 mmol·L-1 5HD. In the samples pre-treated for 15–30 min
with either the non-specific or the specific KATP channel
antagonist, 10 mmol·L-1 levosimendan failed to induce any
effects on NO production irrespective of the presence of K+ in
the medium (P > 0.05; Table 1). These results in particular
confirm the role of the mitochondrial KATP channel in the
mechanisms of action of the cardiovascular effects of levosi-
mendan (Kopustinskiene et al., 2004; Das and Sarkar, 2007).

In addition, the experiments performed to determine
whether levosimendan is able to increase the production of
ATP showed that levosimendan, either alone or in the pres-
ence of cromakalim, P1075 or diazoxide, does not cause any
significant changes in ATP content in respect of control values
(which amounted to 5.25 � 1.9 mmol·g-1 protein; P > 0.05;
not shown). This finding supports the hypothesis of a direct
action of levosimendan on the KATP channel.

Figure 2 Changes in the levels of NO produced in response to the
addition of various agents, as determined by the Griess method. In
(A) and (B), changes in the level of NO induced by levosimendan
in the absence or presence of K+ respectively. C = control;
L = levosimendan (10 mmol·L-1); Cr = cromakalim (1 mmol·L-1);
Dz = diazoxide (5 mmol·L-1); P1075 (1 mmol·L-1); Cr + L = co-
stimulation; Dz + L = co-stimulation; P1075 + L = co-stimulation;
ACh, acetylcholine (10 mmol·L-1). The data are shown as a percent-
age change from control (means � SD) a, b, c, f, g P < 0.05 vs
control; d P < 0.05 vs b; e P < 0.05 vs c.

Table 1 Changes in the level of NO production induced by various
agents

Without
5 mmol·L-1 K+

With
5 mmol·L-1 K+

Vehicle 1.2 � 4.8 4.2 � 2.8
Dimethyl sulphoxide 2 � 1 4 � 3
Cromakalim 46.8 � 10.5 83.5 � 5.8
P1075 39.3 � 2 40.6 � 3.7
Diazoxide 27 � 3.6 66 � 7
L-NAME + levosimendan -1.1 � 2.1 -1 � 2
L-NAME + cromakalim + levosimendan -1 � 2.8 -2.6 � 1.1
L-NAME + diazoxide + levosimendan -1.3 � 0.5 -1.3 � 0.5
2′5′-dideoxyadenosine +

levosimendan
-4 � 3.3 -0.6 � 1.5

2′5′-dideoxyadenosine + cromakalim
+ levosimendan

-5 � 4.4 -4.4 � 5.7

2′5′-dideoxyadenosine + diazoxide +
levosimendan

-1.6 � 0.5 -1 � 1.7

Forskolin 51 � 6.3 53 � 2
2′5′-dideoxyadenosine + forskolin -4 � 2.5 -1.7 � 0.5
Glibenclamide + levosimendan -4.6 � 2.4 -1.4 � 1.8
Glibenclamide + cromakalim +

levosimendan
-4.3 � 3.3 -1.6 � 2.5

Glibenclamide + P1075 -3.3 � 1.5 -3 � 2
Glibenclamide + P1075 +

levosimendan
-3.3 � 2.5 -3.3 � 0.6

5-hydroxydecanoate + levosimendan -3 � 3 -3.2 � 2.1
5-hydroxydecanoate + diazoxide +

levosimendan
-2 � 1 -1 � 1.7

Inhibitors + levosimendan -2.5 � 3 -13 � 2
Inhibitors + cromakalim +

levosimendan
-0.2 � 2.2 -0.2 � 1

Inhibitors + diazoxide +
levosimendan

-1.3 � 1.3 -2 � 1.7

Acetylcholine 52.6 � 7.8 57.7 � 7.8

The values presented are the percentage changes (means � SD) in NO pro-
duction determined by the Griess method. Vehicle of 10 mmol·L-1 levosimen-
dan, ethanol anhydrous, citrate acid anhydrous and povidone; the inhibitors
used were wortmannin, SB203580, UO126. All results were replicated in five
independent experiments.
L-NAME, Nw-nitro-L-arginine methyl ester.
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Moreover, in CEC pre-treated with the p38 MAPK inhibitor
SB203580 (1 mmol·L-1), PI3K inhibitor wortmannin
(100 nmol·L-1), or the MEK1 inhibitor UO126 (10 mmol·L-1),
any changes in the NO produced in response to 10 mmol·L-1

levosimendan given alone or in association with 1 mmol·L-1

cromakalim or 5 mmol·L-1 diazoxide were abolished (P > 0.05;
Table 1).

Finally, cilostazol (10 mmol·L-1) failed to influence the
response of CEC to 10 mmol·L-1 levosimendan, (P > 0.05), as
shown in Figure 3A. It is noteworthy that the effects of cil-
ostazol on NO production were not influenced by glibencla-
mide or by the KATP channels agonists (P > 0.05; Figure 3B).
This finding shows that levosimendan and cilostazol do not
share common pharmacological characteristics.

Effects of levosimendan on NO production in the presence of high
K+ in the medium As shown in Figure 1C, increasing the K+

in the medium potentiated the effects of levosimendan on

NO production. This effect peaked at 30 mmol·L-1 K+

(P < 0.05) and when K+ in the medium was higher than
30 mmol·L-1 levosimendan failed to induce any changes in
NO production in CEC (P > 0.05).

Second series of experiments
Western blot analysis To confirm the involvement of p38, ERK,
Akt and eNOS in the signalling activated by levosimendan,
the rate of phosphorylation of p38, ERK, Akt and eNOS was
examined in the same experimental conditions used previ-
ously. As depicted in Figures 4 and 5, immunoblots and
densitometric analysis showed that in the absence of K+, levo-
simendan alone and in the presence of cromakalim or diaz-
oxide activated p38, ERK, Akt and eNOS; this effect was
amplified in the presence of 5 mmol·L-1 K+ in the medium. As
shown in Figure 3C–F, cilostazol failed to induce changes
in the effects of 10 mmol·L-1 levosimendan on p38, ERK, Akt

Figure 3 Effects of cilostazol on the response of coronary endothelial cells to levosimendan.
In (A), changes in the levels of NO produced, determined by the Griess method, in response to 10 mmol·L-1 levosimendan in the absence or
presence of cilostazol (Cil; 10 mmol·L-1). The data are shown as a percentage change from control (means � SD). a, b P < 0.05 vs control. B.
Changes in the levels of NO produced, determined by the Griess method, in response to cilostazol in the presence of KATP channel agonists and
antagonists. G, glibenclamide (1 mmol·L-1). Other abbreviations are the same as in Figure 2. Cil + Cr = co-stimulation; Cil + P1075 = co-
stimulation; Cil + Dz = co-stimulation; Cil + G = co-stimulation. a P < 0.05 vs control. C–F. Effects of 10 mmol·L-1 levosimendan on p38, ERK, Akt
and eNOS phosphorylation in the absence and presence of cilostazol.
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and eNOS phosphorylation, which confirmed the findings
observed in the first series of experiments regarding the role
of cilostazol. L-NAME, 2′5′-dideoxyadenosine, SB203580,
UO126, wortmannin, glibenclamide and 5HD abolished all
the above effects (P > 0.05).

Discussion

The present study demonstrates for the first time that in
porcine CECs levosimendan causes NO production through
eNOS activation by opening mitochondrial KATP channels.
Moreover, the involvement of cAMP and of p38, ERK, Akt
pathways has been highlighted.

The results obtained in the present study confirm the ones
previously observed in experiments performed in anaesthe-
tized pigs, where the coronary vasodilatation induced by levo-
simendan was abolished by pre-treatment with the NOS
inhibitor L-NAME (Grossini et al., 2005). In porcine CECs

levosimendan, given at a concentration similar to the one used
in the pigs, was able to induce a concentration-related NO
production detected through the Griess method and verified
through the NO-sensitive fluorescent dye DAF-FM. Both
methods have been previously shown to measure the changes
in NO release in porcine aortic endothelial cells induced by
various agents (Molinari et al., 2007; Grossini et al., 2008).
Moreover, the DAF-FM system has been widely adopted for
measuring the intracellular production of NO in endothelial
cells (Koyama et al., 2002; Kimura et al., 2004). The effects of
levosimendan were blocked by pre-treatment of cells with
L-NAME at a concentration able to prevent the effects of
genistein in porcine aortic endothelial cells (Grossini et al.,
2008).

It is noteworthy that in this study, the effects of levosim-
endan on NO production were found to be associated with
KATP channel opening. Pre-treatment of cells with either the
non-specific KATP channel blocker glibenclamide or with 5HD,
which is highly selective for the mitochondrial subtype of KATP

Figure 4 Western blot analysis of the effects of levosimendan on the activation of protein kinases in coronary endothelial cells. A–D. Effects
of 10 mmol·L-1 levosimendan on p38, ERK, Akt and eNOS, respectively, in the absence and presence of various agents. S = vehicle of
levosimendan; Cr + L = co-stimulation; G + L = co-stimulation; G + Cr + L = co-stimulation; Dz + L = co-stimulation; 5HD + L = co-stimulation;
5HD + Dz + L = co-stimulation. The abbreviations used are the same as in Figures 2 and 3.
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channel and is widely used in studies regarding cardioprotec-
tion (Kopustinskiene et al., 2001; Andrukhiv et al., 2006;
Pasdois et al., 2006; 2007), completely prevented all effects
of levosimendan on NO production. Indeed, the findings
obtained in the presence of 5HD show that the mithocondrial
KATP channel is involved in the effects of levosimendan on NO
release; this was also confirmed in the experiments performed

with diazoxide given as a co-stimulus. In the present study,
levosimendan potentiated the NO production induced by the
selective mithocondrial KATP channel agonist; with regard to
this result, it is noteworthy that the cardioprotection medi-
ated by diazoxide in rats has been found to be associated with
the preservation of mitochondrial integrity and function
(Simoncíková et al., 2007).

Figure 5 Densitometric analysis of the effects of levosimendan on the activation of protein kinases in coronary endothelial cells. A-D. Effects
of 10 mmol·L-1 levosimendan on p38, ERK, Akt and eNOS, respectively, in the absence and presence of various agents. Cr + L = co-stimulation;
Dz + L = co-stimulation. The abbreviations are the same as in Figures 2–4. The data are presented as means � SD. a, c P < 0.05 vs control;
b P < 0.05 vs a.
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Also the findings obtained in CEC pre-treated with P1075,
which has been reported to be highly selective for the plasma
membrane KATP channel (Gross and Fryer, 1999; Baczkó et al.,
2005), exclude the involvement of the sarcolemmal type of
KATP channel in the effects of levosimendan; in the presence of
P1075, the response of CEC to levosimendan was not signifi-
cantly increased. Moreover, the absence of changes in cellular
ATP content in response to levosimendan supports the
hypothesis that levosimendan has a direct action on the KATP

channel. These findings are also in agreement with results
from the literature that show the mitochondrial subtype of
KATP channel has a central role in the anti-ischaemic effects of
levosimendan. Indeed in isolated heart mitochondria, levosi-
mendan was found to act as a more powerful activator of K+

flux to mitochondrial matrix than either diazoxide or pinaci-
dil (Kopustinskiene et al., 2004). Even though the results
obtained in this study suggest the involvement of mithocon-
drial KATP channels in the effects of levosimendan, the ability
of levosimendan to target mitochondrial KATP channels
remains to be clearly demonstrated and further experiments
need to be performed in order to address this issue. The
release of NO induced by KATP channel opening in endothelial
cells could represent a further mechanism of action of vasodi-
latation caused by levosimendan and confirms the relation-
ship between KATP channel activation and NO release. For
example, adenosine released from the endothelial cells was
found to induce the synthesis of NO through the opening KATP

channels (Bryan and Marshall, 1999) and, similarly, in rat
aorta and brain microvascular endothelial cells, the KATP

channel opener pinacidil was found to modulate the release
of endothelial factors (Janigro et al., 1993).

The KATP channel has been proposed as a target for levosi-
mendan in isolated mesenteric artery myocytes (Yokoshiki
et al., 1997), small coronary arteries of the dog (Kersten et al.,
2000) and human portal and saphenous veins (Pataricza
et al., 2000; Höhn et al., 2004). Opening of K+ channel
induces hyperpolarization of the membrane, inhibits the
inward Ca2+ current by decreasing the opening of the L-type
Ca2+ channel, and activates the Na+-Ca2+ exchanger to
extrude Ca2+ (Nelson and Quayle, 1995). Both the inhibition
of inward Ca2+ current and the activation of the Na+-Ca2+

exchanger act to lower intracellular Ca2+ and thereby
promote vasorelaxation. Attenuation of levosimendan-
induced dilatation of coronary arteries during concomitant
administration of the KATP channel antagonist glibenclamide
strengthens the crucial role of KATP channels in this setting
(Kersten et al., 2000; Kaheinen et al., 2001). Indeed, it has
been suggested that in endothelial cells the membrane
potential may play an important role in controlling the
extent of agonist-induced Ca2+ influx and, thereby, the
release of endothelial NO (Busse et al., 1991). As endothelial
cells do not appear to express L-type Ca2+ channels, hyper-
polarization caused by the opening of endothelial KATP chan-
nels could induce Ca2+ influx and stimulation of
endothelium-derived NO (Herrera et al., 1998).

As shown by Nilius and Droogmans (2001), the membrane
potential, as well as capacitance and input resistance of vas-
cular endothelial cells, vary considerably between different
cell types and conditions of cell isolation and culturing. The
resting membrane potential in several endothelial cell types

has been shown to have a bimodal distribution, consisting of
cells with a resting potential between -70 and -60 mV and
cells with a resting potential between -40 and -10 mV. Experi-
ments performed in the latter type of cells showed that they
respond to a raised K+ concentration by hyperpolarization and
then by depolarization. This model suggests that hyperpolar-
ization and depolarization can occur in response to an
increase in K+ and the type of response is dependent on the
initial and final K+ concentration.

Thus, we hypothesize that the treatment of CEC with levo-
simendan would induce an initial strong hyperpolarization,
for K+ concentration lower than 30 mmol·L-1, followed by
a late depolarization, for K+ concentration higher than
30 mmol·L-1. The hyperpolarization induced by levosimendan
increases its direct effect on NO production through either the
potentiation of the intracellular signalling leading to eNOS
activation or through an increase of Ca2+ influx. Indeed, levo-
simendan has been shown to hyperpolarize the arterial myo-
cytes through activation of a glibenclamide-sensitive K+

channel (Yokoshiki et al., 1997). On the other hand, the depo-
larization of the membrane potential caused by a high extra-
cellular K+ concentration could interfere with the
hyperpolarizing effects of levosimendan, thus abolishing the
response of CEC to this compound. Indeed, the effects of
levosimendan on NO production were related to K+ concentra-
tion in the medium, being completely abolished in presence of
a K+ concentration higher than 30 mmol·L-1. It is noteworthy
that Yokoshiki et al. (1997) found that a high K+ concentration
(up to 45 mmol·L-1) compromised the efficacy of levosimen-
dan as a vasodilator. In that study, resting membrane potential
approached the equilibrium potential of K+, thereby attenuat-
ing the hyperpolarizing actions of K+-channel activation,
which would agree with the hypothesis derived from the
results of the present study.

In addition, Sheng and Braun (2007) recently showed that
clamping the membrane potential to 0 mV by a brief expo-
sure to high external KCl was able to block both the agonist-
induced membrane hyperpolarization and NO synthesis.
Moreover, high external KCl has been shown to reduce the
release of endothelial releasing factors from populations of
agonist-stimulated endothelial cells (Luckhoff and Busse,
1990). Also in the rat mesenteric artery 80 mmol·L-1 KCl has
been found to prevent NO production induced by ACh
(Stankevicius et al., 2006).

The activity of eNOS, one of three isoenzymes transforming
L-arginine to L-citrulline and NO, is regulated by signal trans-
duction pathways that involve various phosphorylation
events. Akt kinase activates eNOS by directly phosphorylating
the enzyme at Ser-1179 (Boo et al., 2002). Akt itself is phos-
phorylated and activated by PI3 kinase, which in turn is
activated by various agonists (Fulton et al., 2001). Also MAP
kinases, important mediators of signal transduction from the
cell surface to the nucleus, have been found to modulate
eNOS activation (Ito et al., 2002). Indeed, in porcine aortic
endothelial cells p38, ERK, Akt pathways have recently been
implicated in the effects of genistein and prolactin on NO
production (Molinari et al., 2007; Grossini et al., 2008).

In the present study, the effects of levosimendan on NO
production were completely prevented by pre-treatment of
CEC with SB203580, wortmannin, UO126 at concentrations
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known to abolish the in vitro effects of prolactin and genistein
(Molinari et al., 2007; Grossini et al., 2008) and similar to
those found to block intracellular pathways associated with
the effects of ERK, p38 and Akt in endothelial cells (Luo et al.,
2007; Padmasekar et al., 2007). Hence, these results show, for
the first time, that the above kinases are involved in the eNOS
phosphorylation induced by levosimendan, thus leading to
NO production. These findings were also confirmed by
Western blot analysis; these results showed that levosimen-
dan induced the phosporylation of ERK, p38, Akt and eNOS.
It is noteworthy that, recently, levosimendan pre-treatment
was shown to protect guinea-pig isolated hearts against
ischaemia/reperfusion injury by increasing ERK activity (du
Toit et al., 2008).

Finally, in the present study the effects of levosimendan on
NO production were completely prevented by the adenylyl
cyclase blocker 2′5′-dideoxyadenosine, at a concentration
that prevented the effects of forskolin in endothelial cells
both in this and in previous studies (Polte and Schröder, 1998;
Grossini et al., 2008). Hence, even if the intracellular cAMP
content was not determined, the above findings show that
cAMP is involved in the effects of levosimendan on NO pro-
duction in porcine CECs. Indeed, in previous studies the
accumulation of cAMP was found to be involved with the
vasorelaxation of porcine-isolated coronary arteries and in
the inotropic effects of levosimendan in the mammalian
heart (Bokník et al., 1997; Gruhn et al., 1998). As there are no
data in the literature indicating that levosimendan activates
adenylyl cyclase, the generation of cyclic AMP induced by
levosimendan could be due to its potent inhibitory effect on
PDEIII (Endoh, 2007).

The results obtained in the present study with the PDEIII-
specific inhibitor cilostazol seem to confirm the role of levo-
simendan as a strong PDEIII inhibitor and are in agreement
with previous findings (Haikala and Linden, 1995; Gruhn
et al., 1998; Endoh, 2007). It is also noteworthy that cilostazol
has been shown to induce NO release through a PKA-
dependent eNOS phosphorylation/dephosphorylation in
CEC that exhibited a different susceptibility to glibenclamide
and KATP agonists from those used in the present study
(Hashimoto et al., 2006). The finding that levosimendan and
cilostazol have different pharmacological characteristics sup-
ports the hypothesis that the action of levosimendan may be
ascribed to the structure of the compound.

Taken together, the results from this study identify a novel
mechanism of action of levosimendan associated with KATP

channel opening and NO production in CEC. Levosimendan
could initiate cytoplasmic signalling events leading to cAMP
production and phosphorylation of factors such as ERK1/2,
p38 and Akt, which ultimately could induce activation of
eNOS either directly or through the opening of KATP chan-
nels. As stated previously, however, the ability of levosimen-
dan to target mitochondrial KATP channels remains to be
clearly demonstrated, although the finding that cAMP-
dependent signals are involved in the rise of NO induced by
levosimendan supports this hypothesis. Hence, activation of
protein kinases may lead to membrane hyperpolarization
and increase the driving force for L-arginine entry (Sobrevia
et al., 1995; Bogle et al., 1996), which could induce activa-
tion of eNOS.
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