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Abstract

Introduction

Levosimendan is approved for acute heart failure. Within this context, pulmonary hyperten-
sion represents a frequent co-morbidity. Hence, the effects of levosimendan on segmental
pulmonary vascular resistance (PVR) are relevant. So far, this issue has been not studied.
Beyond that the relaxant effects of levosimendan in human pulmonary vessel are unknown.
We addressed these topics in rats’ isolated perfused lungs (IPL) and human precision-cut
lung slices (PCLS).

Material and methods

In IPL, levosimendan (10 uM) was perfused in untreated and endothelin-1 pre-contracted
lungs. The pulmonary arterial pressure (Ppa) was continuously recorded and the capillary
pressure (P,p) Was determined by the double-occlusion method. Thereafter, segmental
PVR, expressed as precapillary (Rpr) and postcapillary resistance (Rpost) and PVR were
calculated. Human PCLS were prepared from patients undergoing lobectomy. Levosimen-
dan-induced relaxation was studied in naive and endothelin-1 pre-contracted PAs and PVs.
In endothelin-1 pre-contracted PAs, the role of K*-channels was studied by inhibition of
Karp-channels (glibenclamide), BKs,2*-channels (iberiotoxin) and K,-channels (4-amino-
pyridine). All changes of the vascular tone were measured by videomicroscopy. In addition,
the increase of cAMP/GMP due to levosimendan was measured by ELISA.

Results

Levosimendan did not relax untreated lungs or naive PAs and PVs. In IPL, levosimendan
attenuated the endothelin-1 induced increase of Ppa, PVR, Rpre and Rpgst. In human PCLS,
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levosimendan relaxed pre-contracted PAs or PVs to 137% or 127%, respectively. In pre-
contracted PAs, the relaxant effect of levosimendan was reduced, if Katp- and K,-channels
were inhibited. Further, levosimendan increased cGMP in PAs/PVs, but cAMP only in PVs.

Discussion

Levosimendan reduces rats’ segmental PVR and relaxes human PAs or PVs, if the pulmo-
nary vascular tone is enhanced by endothelin-1. Regarding levosimendan-induced relaxa-

tion, the activation of Katp- and K,-channels is of impact, as well as the formation of cAMP

and cGMP. In conclusion, our results suggest that levosimendan improves pulmonary hae-
modynamics, if PVR is increased as it is the case in pulmonary hypertension.

Introduction

The Ca**-sensitizer levosimendan exerts beneficial cardiovascular properties [1], decreases
patients’ mortality in acute heart failure [2] and improves the outcome of cardiac surgical
patients with left ventricular dysfunction [3,4]. Recently, levosimendan even convinced in out-
patients, as the intermittent intravenous application of levosimendan reduced their hospitali-
zation due to heart failure [5].

Beyond the inotropic effects of levosimendan, its dilating properties on the pulmonary cir-
culation are of considerable impact [6-8]. They contribute to the success of levosimendan
within the therapy of right heart failure and pulmonary arterial hypertension (PAH) [9-13].
However, studies targeting the relaxant effect of levosimendan in the pulmonary vascular bed
are scare and most of them addressed pulmonary arteries (PAs) [6,8,11,14]. Although, relaxa-
tion of pulmonary veins (PVs) would be beneficial within pulmonary hypertension (PH) due
to left-heart disease (LHD), which is the most common cause of PH [15] and primarily affects
the pulmonary venous bed [16-18]. Recently, our group addressed this topic and studied the
relaxant effects of levosimendan in central PAs and PVs using precision-cut lung slices (PCLS)
of guinea pigs [8]. We found that levosimendan relaxes PAs and PVs via common (K, p-chan-
nels, cAMP/cGMP) and different (BK¢,>*-and K,-channels only in PAs) mechanisms.
Although, this study proved the relaxant effect of levosimendan in PAs and PVs and further
illustrates that both vessel types respond different to the same stimulus [19,20], it has several
restrictions. First of all, we studied PAs and PVs deriving from a central part of the lung which
primarily do not determine pulmonary vascular resistance (PVR) [21,22]. Thus, with regard to
PVR and particularly with regard to segmental PVR (precapillary (R,) and postcapillary
resistance (Rpqs)), the effects of levosimendan remain unknown. Second, disregarding from
PAs or PVs, the various segments along the pulmonary bed react quite different to various
pharmacological stimuli [20]. So far, it is unexplored, whether levosimendan also exerts relaxa-
tion in a more peripheral part of the lung. Third, remarkable differences exist between various
species [23-25]; hence we do not know if levosimendan-induced relaxation is also relevant for
human PAs and PVs.

To address these items, we applied levosimendan in isolated perfused lungs (IPL) of rats
using endothelin-1 (ET-1) to increase PVR. Further, we evaluated the relaxant effect of levosi-
mendan in human PAs or PVs which derive from a peripheral part of the lung, as well as its
effect on the formation of cAMP and cGMP. In addition, we studied the role of K, 1p-, K,- and
BKc,**-channels within levosimendan-induced relaxation in human PAs (PCLS).
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Material and methods
Animals and human lung tissue

Female Wistar rats (250 + 50 g) were purchased from Charles River (Sulzfeld, Germany). All
animal studies were approved by the Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen (ID: 8.87-51.05.20.10.245) and all experiments were strictly performed
due to the Directive 2010/63/EU of the European Parliament.

Human PCLS were prepared from patients undergoing lobectomy due to lung cancer.
After pathological inspection, cancer free tissue from a peripheral part of the lung was used.
Patients with PH (histology) were excluded. The study was approved by the local ethics com-
mittee (EK 61/09) of the Medical Faculty Aachen, Rhenish-Westphalian Technical University
(RWTH) Aachen and all experiments were performed according to the Declaration of Hel-
sinki. All patients gave written informed consent.

Isolated perfused rat lungs

Rat lungs were prepared as described [26,27]. Briefly, intraperitoneal anaesthesia was per-
formed (pentobarbital: 95 mg kg'') and verified by missing reflexes. The rat was bled, the tra-
chea cannulated and the lung ventilated with positive pressure (70 breaths/min). The apex of
the left ventricle was cut and cannulas were placed in the pulmonary artery (perfusion inflow)
and in the left atrium (perfusion outflow). The lung was perfused at constant flow (12,5 mL/
min) with Krebs-Henseleit buffer, containing 2% bovine serum albumin, 0.1% glucose, 0.3%
HEPES and 50 nM salbutamol to prevent bronchoconstriction [28]. The temperature of the
perfusate was maintained at 37°C with a water bath and the pH was adjusted between 7.35 and
7.45 by carbon dioxide gassing. Heart and lungs were removed and set into a negative-pressure
chamber. To prevent the formation of lung oedema during constant flow perfusion and nega-
tive pressure ventilation, a pressure balancing chamber was established in the perfusion out-
flow which was connected to the artificial thorax chamber. To prevent atelectasis of the lung,
every 5 minutes a deep breath was applied. The tidal volume (TV), compliance (Cdyn), resis-
tance (Res), pulmonary arterial pressure (Pp,), pulmonary atrial pressure (Py ) and the flow
were continuously monitored. As soon as respiratory and haemodynamic variables remained
stable over 10 minutes, ET-1 (final concentration in the buffer: 15 nM) was added to the recir-
culating perfusion buffer (total volume 200 mL) to enhance PVR which was calculated as fol-
lowed: PVR = (Pps—Py 4) x 80 / flow. Ten minutes after the application of ET-1, levosimendan
(10 uM) was perfused. Thereafter, changes of P.,, were measured every 10 minutes by the dou-
ble-occlusion method (DOC) [27]. Therefore, two magnet valves mounted before and after the
lung were simultaneously clamped to interrupt the perfusion in-/outflow at the same time.
Rpost and Ry, were calculated as followed: R = % andR, = W.

PCLS

Human lung lobes were filled via a main bronchus with 1.5% low-melting agarose and cooled

on ice. Tissue cores were prepared and cut into approximately 300 um thick slices with a tissue
slicer (Alabama Research & Development, Munford, AL, USA). PCLS were incubated at 37°C

and the medium was changed several times in order to wash out the agarose. PCLS are known
to be at least 72 h viable [29,30].

Measurements of cAMP and cGMP

To analyse cAMP and cGMP, human PAs and PVs from tissue cores were cannulated by a
plastic catheter (14 gauges), isolated, flushed with levosimendan (100 uM and 1 uM) or
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medium (controls) and incubated for 30 minutes in medium. Afterwards, they were frozen by
liquid N,. Cyclic AMP and cGMP were quantified with ELISA-kits following the manufactur-
er’s protocol. For stabilisation, all samples and standards were acetylated. To measure cAMP,
all samples were diluted 1:2 with 0.1 M HCL. Both ELISAs were evaluated at 405 nM (GEN-
10S, Tecan, Switzerland).

Identification of the vessels, histology

Human pulmonary vessels were identified by their anatomical landmarks. PAs accompany the
airways and PV lie aside. After the experiments, the identification of the vessels was histologi-
cally confirmed by elastica van Gieson-staining, where PAs show an internal and external elas-
tic lamina, in contrast to PVs which show only an external elastic lamina [31].

Measurements and imaging

The kinetics of levosimendan was studied. Human PCLS were exposed 5 minutes to each con-
centration of levosimendan. If pre-constriction was required, they were pre-treated 1h with
ET-1. If K"-channels were inhibited, PCLS were pre-treated 1 h with 10 uM glibenclamide

(K orp-channels), 100 nM iberiotoxin (BKg,>*-channels) or 5 mM 4-aminopyridine (K,-chan-
nels). If both were required, PCLS were exposed at once to both. Before the measurements, the
initial vessel area (IVA) was defined as 100% and any relaxant or contractile effect (ET-1) was
indicated as “Change of IVA [%]”. To compare relaxation of pre-treated vessels, the vessel area
was defined after the pre-treatment duration of 1 h again as 100%. Hence, a vessel area <100%
indicates contraction and a vessel area >100% indicates relaxation. Concentration-response
curves of levosimendan were performed and the effects were indicated again as “Change of
IVA [%]”. Control experiments were performed on consecutive sections. Pulmonary vessels
were imaged by a digital video camera (Leica Viscam 1280 or Leica DFC 280). The images
were analysed with Optimas 6.5 (Media Cybernetics, Bothell, WA) [29].

Agents and culture medium

All agents were bought from Tocris Bioscience (Ellisville, Missouri, USA), except levosimen-
dan which was from Sigma-Aldrich (Steinheim, Germany) and ET-1 which was from BIO-
TRENDS (Wangen, Switzerland).

Statistics

Statistics was conducted using SAS software 9.3 (SAS Institute, Cary, North Carolina, USA)
and GraphPad Prism 5.01 (GraphPad, La Jolla, USA). The data in Fig 1 were analysed using a
linear mixed model analysis (LMM) with variance components (VC) for the covariance
matrix; ECs, values were calculated by the standard 4-paramter logistic non-linear regression
model (Figs 2 and 3A-3C). The AIC-criterion was used to select the most parsimonious
model, i.e. a common bottom, top, slope and ECs, value in the regression model or the covari-
ance matrix with the least number of parameters. The data in Fig 3D were evaluated by a one-
way ANOVA and the data in Fig 4 were analysed by the Mann-Whitney U test. P-values were
adjusted for multiple comparisons by the false discovery rate and presented as mean + SEM.

P < 0.05 was considered as significant; (n) indicates the numbers of animals or lung lobes.

Results

We studied the Ca**-sensitizer levosimendan in the IPL using untreated and ET-1 pre-treated
rat lungs. In this view, we focused on the pulmonary vascular properties of levosimendan. In
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Fig 1. Effect of ET-1 and levosimendan on pulmonary haemodynamics in the IPL. A) Pulmonary arterial pressure (Pp,). B) Left atrial
pressure (Py4). C) Pulmonary vascular resistance (PVR). D) Pulmonary capillary pressure (P_,p,). E) Precapillary resistance (Rp..). F)
Postcapillary resistance (R;,o5). For all: — control (n = 8); —levosimendan (n = 8); ® 15nM ET-1 (n =7); ® 15nM ET-1/ 10 uM levosimendan

(n = 8). A-F: Statistics was performed by a linear mixed model analysis (LMM). P<0.05 are considered as significant: * p<0.05, ** p<0.01 and ***
p<0.001.

https://doi.org/10.1371/journal.pone.0233176.9001
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Fig 2. Effect of ET-1 and levosimendan in human PCLS. A) Concentration-response curve of levosimendan in PAs and PVs: o naive PAs (n = 5); O naive PVs
(n = 6). B) Concentration-response curve of ET-1: ® naive PAs (n = 7); ® naive PVs (n = 6). C) Concentration-response curve of levosimendan in ET-1 pre-
constricted PAs: 0 100 nM ET-1 (n = 6); ® 100 nM ET-1 / levosimendan (n = 6). D) Concentration-response curve of levosimendan in ET-1 pre-constricted

PVs: 050 nM ET-1 (n =7); ® 50 nM ET-1 / levosimendan (n = 8). B: Statistics was performed by the comparison of EC5, values. P<0.05 are considered as
significant.

https://doi.org/10.1371/journal.pone.0233176.g002
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Fig 3. Role of K*-channels within the relaxant effect of levosimendan in human PCLS. A) Inhibition of K rp-channels (glibenclamide) in ET-1 pre-
constricted PAs: o 100 nM ET-1/ 10 uM glibenclamide (n = 6); ® 100 nM ET-1/ 10 uM glibenclamide / levosimendan (n = 6); ® 100 nM ET-1/
levosimendan (n = 6). B) Inhibition of Ky-channels (5-aminopyridine) in ET-1 pre-constricted PAs: o 100 nM ET-1/5 mM 5-aminopyridine (n = 6); ®
100 nM ET-1/5 mM 5-aminopyridine / levosimendan (n = 6); ® 100 nM ET-1/ levosimendan (n = 6). C) Inhibition of BK(,>*-channels (iberiotoxin) in
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values. D: Statistic was performed by an one-way ANOVA. P<0.05 are considered as significant: * p<0.05, ** p<0.01 and *** p<0.001.

https://doi.org/10.1371/journal.pone.0233176.9g003

human PCLS, we evaluated the impact of levosimendan-induced relaxation in PAs and PVs.

In addition, we studied the impact of K*-channels within the relaxant effect of levosimendan
in human PAs.
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https://doi.org/10.1371/journal.pone.0233176.9004

Rat IPL: Effect of levosimendan on pulmonary haemodynamics

In the IPL, perfusion with 10 uM levosimendan was started, if baseline values of all parameters
were stable for 20 minutes. Pulmonary haemodynamic parameters such as Ppa, Ppa, PVR, cap-
illary pressure (Pc,p), Rpre and Rpoq remained stable during perfusion with levosimendan and
did neither differ from baseline values nor from those of untreated control IPLs (Fig 1A-1F;
p>0.05).

Next, we studied the effects of levosimendan in ET-1 pre-treated IPLs to increase PVR, as a
pathophysiological feature of PH. Perfusion of ET-1 (final concentration in the buffer 15 nM)
was started, if baseline parameters were stable for 10 minutes. ET-1 significantly increased
Ppa, PVR, Peyp, Rpyre and Ry (Fig 1A and 1C and 1F; p<0.001), whereas Py o remained
unchanged (Fig 1B). Perfusion of levosimendan decreased the ET-1 induced increase of Ppa,
PVR, Ry, (Fig 1A/C/E; all: p<<0.01) and R, (Fig 1F; for 140-180 minutes: p<0.05). Even
though, values of all parameters stayed higher than those of untreated control lungs, e.g. Ppa,
PVR, Ry (Fig 1A and 1C and 1E; all: p<0.01) and Ry, (Fig 1F; p<0.001). In addition, levosi-
mendan did not alter the effect of ET-1 on P, (Fig 1D).

Human PCLS: The relaxant effect of levosimendan in human pulmonary
arteries and veins

In human PCLS, we studied the pulmonary vasorelaxant properties of increasing concentra-
tions of levosimendan. Levosimendan did not relax naive PAs or PVs (Fig 2A). Thus, we
decided to pre-contract PAs and PVs with ET-1. To reach a comparable degree of pre-contrac-
tion, we treated both with increasing concentrations of ET-1 (Fig 2B). ET-1 contracted PAs
and PVs with EC5, values of 58 nM and 21 nM, respectively (Fig 2B). Thus, we decided to pre-
contract PAs and PVs with 100 nM and 50 nM ET-1, respectively. After pre-contraction,

100 uM levosimendan relaxed PAs up to 137% of IVA with an ECs, value of 1.6 uM (Fig 2C).
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Levosimendan at 1 pM was also effective, as it relaxed PAs up to 117% of IVA (Fig 2C). Fur-
ther, 100 uM levosimendan relaxed PVs up to 127% of IVA with an ECs, value of 24 pM,
whereas 1 uM levosimendan relaxed PVs only to 107% of IVA (Fig 2D). Finally, levosimendan
relaxed humans PAs more potently than human PVs (p<0.05).

Mechanisms contributing to the relaxant effect of levosimendan—K"-channels

Next, we studied the involvement of K*-channels within the relaxant effect of levosimendan.
We studied this issue in human PAs, as they relaxed stronger to levosimendan than human
PVs. Inhibition of K5 rp-channels by glibenclamide decreased the relaxant effect of levosimen-
dan in human PAs and shifted the ECs, value from 1.6 to 22 pM (Fig 3A; p<0.01). Inhibition
of K,-channels by 4-aminopyridine also decreased levosimendan-induced relaxation, ECs, val-
ues were displaced rightwards from 1.6 uM to 56 uM (Fig 3B; p<0.01). In contrast, inhibition
of BKc,>"-channels did not alter the relaxant effect of levosimendan (Fig 3C). In addition,
inhibition of K*-channels did not alter ET-1-induced contraction (Fig 3D).

Mechanisms contributing to the relaxant effect of levosimendan—cAMP/
cGMP

In human PAs, levosimendan did not enhance intracellular cAMP-levels, neither at 1 or

100 uM (Fig 4A). In contrast, 100 uM levosimendan increased intracellular cAAMP in human
PVs (Fig 4A; p<0.05), whereas a lower concentration of 1 uM levosimendan was without effect
(Fig 4A). Further, levosimendan at 100 uM enhanced intracellular cGMP in PAs and PVs (Fig
4B; p<0.05 for PAs and p<0.01 for PVs), whereas levosimendan at 1 uM had no effect on
cGMP levels.

Discussion

In ET-1 pre-treated IPLs of the rat, we could prove the lowering effect of levosimendan on
total PVR and on segmental PVR, expressed as Ry, and R;,o. Beyond that we could show that
this effect is relevant for humans, as levosimendan relaxes ET-1 pre-constricted human PAs
and PVs from the peripheral part of the lung. Regarding the pulmonary vasorelaxant effects of
levosimendan the activation of K,p- and K,-channels, as well as the generation of cAMP/
c¢GMP are of impact.

ET-1-induced pre-constriction

We selected ET-1 to enhance the vascular tone in rats lungs and in human PAs/PVs, as ET-1
plays a major role in PH, e.g. ET-1 receptors are up-regulated [32] and ET-1 levels are
increased [33,34]. Aside its role as a potent vasoconstrictor, ET-1 mediates proliferation and
migration of vascular cells and thus promotes vascular remodelling in PH [35].

IPL: Pulmonary vascular effects of levosimendan

In the IPL of the rat, we show that levosimendan reduces the increasing effects of ET-1 on Ppy,
PVR, Rpre and R0 In contrast, levosimendan was without effect on pulmonary haemody-
namics, if Ppa, PVR, Ry, and R, Were not enhanced. Our results concerning the effects of
levosimendan on Pp,, resembling the central pulmonary arterial bed are in line with other
experimental set-ups [6,36]. In isolated perfused feline lung lobes [6], levosimendan reduced
the increasing effects of thromboxane on Pp, and in a porcine model of hypoxia-induced PH
[36]; levosimendan lowered the hypoxic increase of mean Pp, [36]. They are further consistent
with a previous work, where levosimendan relaxed central ET-1 pre-constricted PAs from
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guinea pigs [8]. Beyond that, the beneficial effects of levosimendan on Pp, have been proven
in clinical studies with patients suffering to PAH [11,37,38]. In summary, these data confirm
the relevance of levosimendan-induced relaxation in central PAs.

In spite of the promising data with levosimendan and its relaxant effect on the central pul-
monary arterial bed, relaxation of PAs/PVs from the peripheral pulmonary vascular bed
would be much more valuable, as due to its high cross-sectional area, it mainly determines
PVR [21,22]. In the present study, levosimendan significantly decreased PVR in ET-1 pre-
treated lungs. Further, in hypoxia-induced PH levosimendan lowered the hypoxic increase of
PVR [36]. Hence, both results highly suggest that a relevant relaxant effect of levosimendan in
peripheral PAs or PVs should also account for levosimendan-induced reduction of PVR. To
highlight this issue, we applied the DOC and found that levosimendan decreases segmental
arterial and venous PVR, expressed as R, and R, Both results are of high clinical value, e.g.
levosimendan-induced reduction of Ry, means that right ventricular afterload decreases
which is advantageous in PAH [9-13]. In contrast, levosimendan-induced reduction of R, is
of clinical importance in PH due to LHD, as small PV’ contributing to PVR relax to levosi-
mendan. In principle, PH due to LHD, also called postcapillary PH resembles the most com-
mon cause of PH [15] which mainly affects the pulmonary venous system [16,18]. So far, the
effects of levosimendan on Ry, have been unexplored, as the access to the pulmonary venous
bed is quite difficult. In vivo, pulmonary venous pressures must be calculated indirectly from
the pulmonary capillary wedge pressure (PCWP) which reflects the pressure in the left atrium
[39] or in large PV's [40], but not in small PVs which are aside small PAs mainly responsible
for PVR [21,22]. In the IPL, we calculated Rp,,s and Ry, after determination of P, by the
DOC [27].

PCLS: Pulmonary vasorelaxant effects of levosimendan

In PCLS, levosimendan relaxed small human PAs and PVs potently. Thus, our results from the
IPL concerning the effect of levosimendan on Ry, and R, are supported and the clinical rel-
evance of levosimendan is confirmed.

Levosimendan relaxed human PAs stronger than PVs; hence the present results differ in
part from those of a former work analysing the relaxant effect of levosimendan in PAs and PVs
from guinea pigs [8]. There, levosimendan relaxed pre-constricted PAs or PVs from guinea
pigs comparable, in addition it also relaxed untreated naive PVs [8]. Reflecting possible rea-
sons for the varying response of human PAs and PVs to levosimendan, the degree of pre-con-
striction should be considered. Though, human PAs and PVs were comparable pre-
constricted with 100 nM and 50 nM ET-1, respectively, as shown in Fig 2B and in a former
study [31]. Finally, the degree of pre-constriction should not account for the different relaxant
response of human PAs and PVs. In principle, PAs and PVs differ within their anatomical
structure [41]. So, it is not entirely surprising that they differ also in their reaction to various
stimuli, as it was already shown for cardiovascular agents, NO or prostacyclin [19,42-44].
Indeed, levosimendan does not only exert different vascular responses in respect to the pulmo-
nary arterial or venous belonging of the studied vessel, but also in the dependence to the spe-
cies, e.g. ET-1 pre-contracted PAs and PVs from the peripheral part of the human lung did not
relax comparable to levosimendan, in contrast ET-1 pre-contracted PAs and PVs from the
central part of the guinea pig lung relaxed comparable to levosimendan [8]. Certainly, not only
different species, but also different vessel sizes were studied. This is of impact, as in depen-
dence of the vessel size and the pulmonary vascular segment; pulmonary vessels exert a certain
K"-channel diversity [20] and are differently equipped with o,/B, ,-receptors [44]. The mean-
ing of the studied species is supported by several studies, e.g. pulmonary vessels from humans
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and guinea pigs varied in their reaction to imatinib [23,24], PDGF-BB [24,45] or milrinone
[31]. Finally, to obtain valuable information concerning the vasorelaxant effects of several
vasodilators in the human pulmonary vascular bed, human PAs and PVs should be studied.

PCLS: The role of K*-channels within the relaxant effect of levosimendan

In human PAs, we studied the role of K*-channels within the relaxant effect of levosimendan.
We found that activation of K1p- and K,-channels belongs to the mechanisms beyond,
whereas activation of BK¢,>* is without impact. Our results concerning the role of K4 rp-chan-
nels within levosimendan-induced relaxation are in line with previous studies studying PAs
and PVs from guinea pigs [8], human internal thoracic arteries [46], human portal veins [47]
or feline lung lobes [6]. Accordingly, the impact of K,-channel-activation within the relaxant
effect has been already shown in central PAs from guinea pigs [8] and in porcine coronary
arteries [48]. In contrast, our results concerning BK¢,>*-channels are not in line with a former
work in central PAs from guinea pigs [8]. There, Karp-, BKc,>*- and K,-channels have been
shown to be involved within levosimendan-induced relaxation [8]. In the present work, we
studied human PAs deriving from a peripheral part of the lung; thus resistance PAs which are
only rarely equipped with BKc,2"-channels [20]. In contrast, previously we studied central
PAs from guinea pigs [8], thus conduit PAs which are densely equipped with BK¢,>*-channels
[20]. Finally, the diverging results are explainable by the heterogeneity of K*-channels along
the pulmonary vasculature [20]. Apart from that, levosimendan-induced activation of BK¢,”
*-channels has been already shown in porcine coronary arteries [48] and human internal tho-
racic arteries [46]. Above all, levosimendan-induced activation of K" -channels does not only
account for its vasorelaxant effects, but also alters vascular remodeling in PH [14]. Revermann
et al. [14] showed that levosimendan-induced activation of K ,rp-channels attenuates the pul-
monary vascular remodeling due to monocrotaline in rats. This issue is of particular interest in
PH, as decreased expression and/or activity of K*-channels resembles an important patho-
physiological aspect of pulmonary vascular remodeling in PH [35]. Hence, levosimendan
could fulfill two therapeutic requirements within the therapy of PH, 1) pulmonary vascular
relaxation and 2) reversal of pulmonary vascular remodelling.

Human PAs and PVs-the role of levosimendan-induced generation of
cAMP and cGMP

Levosimendan did not relax naive human PAs/PVs, although 100 uM levosimendan increased
c¢GMP in human PAs/PVs and cAMP in human PVs. In contrast, a lower concentration of

1 uM levosimendan did not influence the generation of cAMP or cGMP. Due to the fact that
naive human PAs/PVs did not relax to 100 uM levosimendan, although 100 pM levosimendan
increased cAMP/cGMP-levels, it is most likely that levosimendan-induced generation of
cAMP/cGMP is not relevant for its relaxant effect in the human pulmonary circulation. This
conclusion is reinforced by the fact that plasma levels of 100 uM levosimendan are not reached
in humans [49].

A previous study in central PAs and PVs from guinea pigs [8] indicates a cGMP-raising
potential of levosimendan [8], there inhibition of cGMP did not alter the relaxant effect of
levosimendan. In contrast, studies in coronary vessels showed increased cGMP-levels due to
levosimendan which were relevant for its relaxant potential [14]. Regarding the effect of levosi-
mendan on cAMP, our results are in contrast to a previous study [8]. There, levosimendan
raised cAMP in naive central PAs/PVs from guinea pigs [8]. In PV's from guinea pigs, the
cAMP-increase was crucial for levosimendan-induced relaxation [8]. Beyond that, the raising
effect of levosimendan on cAMP was shown in porcine coronary arteries [50]. In principle, the
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effects of levosimendan on cAMP are explainable by its inhibiting effects on PDE-III [51] and
its stimulating effects on adenyl cyclase [8]. Both have been shown to be expressed in the
human vascular bed [52]. Anyway, our results concerning the effects of levosimendan on
cAMP differ in PAs from humans and guinea pigs [8]. Possibly, the expression of PDE-III and
adenyl cyclase differs in dependence to the studied species and the vascular segment.

Conclusion

Levosimendan lowers Ry, Rpos Ppa and PVR if the pulmonary vascular tone is enhanced by
ET-1 resembling a major pathological aspect of PH. The impact of these results is enforced by
the fact that levosimendan relaxes human pulmonary vessels at concentrations which are clini-
cally reached in patients; e.g. plasma levels of 850 nM [49]. Taken into consideration that the
flow resistance increases 16 fold, if the radius divides in half (Hagen-Poiseuille law), the pre-
sented vascular effects in human PAs/PVs should be also relevant for human PVR.

These findings suggest a beneficial effect of levosimendan in cardiac surgical patients with
PH and also propose its application in non-surgical patients with PH.
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