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Abstract

Pulmonary hypertension, defined as an increase in mean arterial pressure > 20 mmHg, is a chronic and progressive condi-
tion with high mortality and morbidity. Drug therapy of patients with pulmonary hypertension is based on the distinctive
pathophysiologic aspect that characterizes the different groups. However, recently, levosimendan, a calcium-sensitizing agent
with inotropic, pulmonary vasodilator, and cardioprotective properties, has been shown to be an effective and safe therapeutic
strategy for patients with pulmonary arterial hypertension (in addition to specific drugs) and pulmonary hypertension associ-
ated with left heart disease (as possible treatment). This review provides a comprehensive overview of the current evidence

on the use of levosimendan in patients with pulmonary hypertension.

1 Introduction

Pulmonary hypertension (PH) is a chronic progressive
disease characterized by increased pulmonary arterial
pressures and pulmonary vascular resistance leading to
right heart failure and death from cardiovascular causes
[1]. According to the European Society of Cardiology/
European Respiratory Society guidelines, PH is defined
as a mean pulmonary artery pressure > 20 mm Hg in the
resting position [2]. The management of patients with PH
is based on the distinctive pathophysiological aspect that
characterizes the different groups [3] (Table 1).

In pulmonary arterial hypertension (PAH, group 1),
therapy targets one of the three main pathways involved in
disease progression: nitric oxide, endothelin-1, and prosta-
cyclin [4]. Treatment of PH induced by chronic increased
left atrial pressures (pulmonary venous hypertension,
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Key Points

Levosimendan is an inodilator drug that, for its many
pleiotropic effects, has been hypothesized to be benefi-
cial in pulmonary arterial hypertension and in pulmo-
nary hypertension due to left heart disease.

In patients with pulmonary arterial hypertension, the
inhibition of pulmonary artery smooth muscle cell
proliferation, and the positive hemodynamic effects

on pulmonary circulation could account for the use of
levosimendan in addition to guideline-directed medical
therapy.

In patients with pulmonary hypertension associated
with left heart disease, the reduction in left ventricular
filling pressures, the improvement of endothelial func-
tion and of right ventricular systolic function, as well as
the improvement of right ventricular pulmonary artery
coupling, make levosimendan a possible treatment of
this disease.

group 2) consists primarily of treating the underly-
ing left-sided heart disease with drugs, interventional
therapy, or cardiac surgery [5]. Treatment of PH due to
chronic lung disease (group 3) is based on correcting the
hypoxia and respiratory disease responsible for PH [6];
in chronic thromboembolic PH (group 4), the disease is
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predominantly located in the central pulmonary arteries,
and treatment consists mainly of relieving the vascular
obstruction by a surgical or interventional approach [7].
Finally, group 5 PH (miscellaneous forms) treatment is
based on the underlying pathology [8].

Levosimendan is an established therapeutic option for
acute heart failure and for advanced heart failure [9, 10] and
is currently under development as a treatment for PH in the
presence of heart failure with preserved ejection fraction
[11]. For its many pleiotropic effects [12], levosimendan
has been proposed as a therapeutic strategy in patients with
PAH and in other forms of PH due to left heart disease
(e.g., PH in presence of heart failure with reduced ejection
fraction) [13]. In this review, we summarize and discuss
existing evidence on the clinical use of levosimendan in the
various form of PH, as well as the future perspective on the
use of this drug in this challenging clinical setting.

2 Clinical Pharmacology of Levosimendan

The mechanism of action of levosimendan is complex and
involves at least three main pharmacological effects, including
positive inotropism, vasodilation, and cardioprotection [14].
The inotropic action is due to the sensitization of myocardial
troponin C to calcium [15]. This unique mechanism means
that, unlike other inotropes, levosimendan does not result in
an increase in intracellular calcium and, therefore, there is
no increase in oxygen demand by the myocardium [16]. In
addition, levosimendan has a positive lusitropic effect [17]

because the calcium sensitization effect is dependent on intra-
cellular calcium levels, which decrease during diastole.

Levosimendan induces vasodilation through the opening
of K* adenosine triphosphate (ATP) dependent channels of
vascular smooth muscle cells [18]. Because vasodilation
occurs in both arterial and venous smooth muscle cells,
levosimendan results in a simultaneous reduction in both
ventricular preload and afterload [19]. A further vasodila-
tory action also occurs via activation of voltage-gated K*
channels and large conductance Ca2*-activated K* channels;
activation of these channels appears particularly important
for vasodilation of pulmonary circulation [20].

Moreover, levosimendan also attenuated the vascular
remodeling process in a rat model of PH, suggesting long-
term anti-proliferative and anti-inflammatory effects medi-
ated via effects on K(ATP) channel activation/opening [21].
Finally, protective properties on the myocardial tissue and
other organs seem to be related to the opening of mitochon-
drial ATP-dependent K+ channels, which protect against
apoptosis and oxidative stress [12].

Levosimendan has a short elimination half-life of about
1 h, while the active metabolite OR-1896 has an elimina-
tion half-life of 70-80 h [22]; this allows the hemodynamic
effects to persist for at least 10 days after a 24-h infusion
of levosimendan [23]. In patients with severe renal dys-
function or moderate hepatic dysfunction, the pharmacoki-
netic profile of levosimendan remains unchanged [24, 25],
although the elimination time of active metabolites may
be prolonged.

The current recommended dose for achieving hemody-
namic benefit in patients with heart failure with reduced

Table 1 Therapeutic approach to pulmonary hypertension according to clinical class

Therapeutic strategies

WHO class Clinical class Prevalence
1 Pulmonary arterial hypertension
2 Pulmonary hypertension associated with

left heart disease

3 Pulmonary hypertension associated with
lung disease

4 Chronic thromboembolic pulmonary
hypertension
5 Pulmonary hypertension with unclear/

multifactorial mechanism

Rare (48-55 cases/million adults)

Common (~15% of patients with moder-
ate-to-severe lung disease)

Rare (3-30 cases/million adults)

Rare (depends on underlaying disease)

Calcium channel blocker in responder
patients, pulmonary arterial hyperten-
sion drugs, lung transplant in the end-
stage form

Very common (~50% of patients with HF) Treatment of underlying left ventricular

disease, pulmonary arterial hyperten-
sion drugs in patients with combined
post- and pre-capillary pulmonary
hypertension (trial)

Treatment of underlying lung disease,
pulmonary arterial hypertension drugs
in patients with severe forms (trial)

Pulmonary endarterectomy/balloon
pulmonary angioplasty, pulmonary arte-
rial hypertension drugs as a bridge to
intervention or as palliative care

Treatment of underlying disease, pul-
monary arterial hypertension drugs in
patients with severe forms (trial)

HF heart failure, WHO World Health Organization
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ejection fraction is a continuous infusion of 0.1 mg/kg/
min for 24 h, which can be reduced to 0.05 mg/kg/min or
increased to 0.2 mg/kg/min based on blood pressure [26].
The main side effects of levosimendan include hypo-
tension related to vasodilatation with a consequent reduc-
tion in peripheral vascular resistance [27], and hypoka-
lemia, the mechanism for which is not established [28].
Levosimendan has a lower risk of ventricular arrhythmias
compared with other inotropes (as it does not increase the
intracellular calcium level) [29] though a slight increase in
the incidence of atrial fibrillation has been reported [30].

3 Levosimendan in PAH

As shown in Fig. 1, levosimendan exerts several effects in
experimental models of PAH; these effects provide a solid
pathophysiological basis for the efficacy of levosimendan
in this clinical condition. In an experimental model of rat
PAH (monocrotaline), treatment with levosimendan for 3
weeks attenuated the development of PAH by inhibiting
the proliferation of pulmonary artery smooth muscle cells
[21]. These anti-proliferative actions occurred via three
mechanisms:

1. direct inhibition of pulmonary artery smooth muscle cell
proliferation;

2. increased formation of nitric oxide;

3. reduction in inflammation.

In a subsequent study in a model of rats’ isolated perfused
lungs, levosimendan reduced the adverse hemodynamic
effects of endothelin 1 (increased pulmonary arterial pres-
sure and pulmonary vascular resistance); this effect, together
with levosimendan-induced arterial and venous vasodila-
tation through activation of potassium channels (K*ATP,
BKCa2+, and Kv) explains the positive results observed
in PAH [31]. These antiproliferative and hemodynamic
effects, coupled with positive effects on the right ventricle
remodeling and systolic function, may delay and attenuate
the development of PAH [32-34] (see Fig. 2).

In humans, there are small studies with promising results.
A pilot randomized trial enrolled 18 patients with PH of dif-
ferent etiologies, including seven with PAH, and assessed
the short- and long-term effects of repeated levosimendan
infusions. The acute response was evaluated after a loading
dose of 12 pg/kg infused over 10 min, followed by a con-
tinuous infusion of 0.1 pg/kg/min for 50 min; then, the dose
was increased to 0.2 pg/kg/min and maintained for 23 h. In
addition, the long-term effect was evaluated at 8 weeks, dur-
ing which levosimendan was administered at fixed intervals
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Fig. 1 Mechanism of action of levosimendan
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every 2 weeks at a dose of 0.2 pg/kg/min for 6 h. In patients
with PAH, levosimendan decreased pulmonary vascular
resistance (A at 24 h, 12 + 36 vs 25 + 33; p = 0.009) and
mean pulmonary arterial pressure (A at 24 h, 14 + 15 vs 2.0
+ 8.9; p = 0.05) at 24 h; these positive hemodynamic effects
were maintained throughout the duration of treatment [35].

Similar positive hemodynamic effects were documented
in an open-label non-randomized trial of 45 patients with
PAH and severe acute right heart failure [36]. An infu-
sion of 12.5 mg of levosimendan at a rate of 0.1-0.2 pg/
kg/min was associated with an improvement at 7 days in
World Health Organization functional class (p = 0.008),
6-min walk distance (< 50 vs 260.8 + 112.9 m; p < 0.001),
and NT-proBNP (2420.0 [1831.0-3882.0] pg/mL vs 1631.5
[962.3-2625.5] pg/mL; p < 0.001).

In a retrospective study of 87 patients with PAH due to
connective tissue disease complicated by acute right heart
failure, infusion of levosimendan for 24 h at a dose of 0.1
pg/kg/min was associated with a modest improvement in
mixed venous oxygen saturation (65.28 + 6.28 vs 69.26 +
3.76 %; p < 0.001), tricuspid annular systolic plane excur-
sion (increase during follow-up of 3.36 + 0.71 mm vs 3.81 +
0.72 mm; p = 0.01), and NT-proBNP (1130.31 4 534.06 vs
430.79 + 188.66 pg/mL; p < 0.001) compared with patients
treated with enoximone 0.5 pg/kg/min [37]. It is not clear

whether these small differences are clinically relevant; the
study noted that there were no significant differences in the
survival rate at the 6-month follow-up between the levosi-
mendan and enoximone groups.

Overall, evidence from small studies with a limited
follow-up is promising. Levosimendan appears to have a
positive hemodynamic effect in patients with PAH. How-
ever, randomized clinical trials enrolling patients with clear
hemodynamic phenotyping and long-term clinically relevant
endpoints are needed to confirm the efficacy and safety of
levosimendan in PAH.

4 Levosimendan in PH Associated with Left
Heart Disease

Left heart disease-associated PH represents the most fre-
quent form of PH, 65-80% of all PH cases [38]. As shown in
Table 2, levosimendan exerts favorable effects on the various
pathophysiological mechanisms involved in this genesis of
Group 2 PH; because of this, several trials of levosimendan
have been conducted on patients with PH and heart failure
reduced ejection fraction (HFrEF), and heart failure pre-
served ejection fraction.

Levosimendan

Inhibition PASMCs proliferation
(direct inhibitions, reduction of
inflammation, increased NO release)

= A
Qvﬁ
\

Arterial and venous
vasodilation
(activation of K*channels)

Increase RV contractility
and RV/PA coupling

Beneficial effects in PAH

Fig. 2 Positive effects of levosimendan on pulmonary arterial hypertension (PAH). NO nitric oxide, PA pulmonary artery, PASMCs pulmonary

artery smooth muscle cells, RV right ventricle
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The first study aimed to assess the hemodynamic effects
of levosimendan on pulmonary circulation was published
in 2000 [39]. This randomized placebo-controlled study
enrolled 146 patients with advanced HFrEF. Patients
treated with levosimendan showed a statistically significant
improvement at 6 h in both mean pulmonary arterial pres-
sure (reduction of 6 + 1 mmHg at 6 h vs an increase of 1 +
1 mmHg in the placebo group; p < 0.001) and pulmonary
vascular resistance values (reduction of 80 + 13 dyne/s/cm’
vs a rise of 33 + 19 dyne/s/cm’ in the placebo group; p <
0.001).

A subsequent, randomized, placebo-controlled clinical
trial in 54 patients with advanced HFrEF confirmed the posi-
tive hemodynamic effects of levosimendan and extended the
observations to demonstrate a sustained improvement. After
a 24-h infusion of levosimendan, there was a reduction in
systolic pulmonary arterial pressure (54 + 11 vs 43 + 11
mmHg, p < 0.01) as well as an improvement in echocardio-
graphic parameters of right ventricular function [40].

In a study of 62 patients with acute heart failure rand-
omized to levosimendan or dobutamine [41], patients in
the levosimendan group had a greater increase in right
ventricular systolic function (s wave velocity change 1.9
+ 0.7 cm/sec in the levosimendan group vs change of 0.2
+ 0.05 cm/sec in the dobutamine group; p = 0.001) and
a smaller increase in pulmonary arterial pressure (change
7.3 + 5.0 mmHg in the levosimendan group vs change of
3.7 + 3.0 mmHg; p = 0.002).

The impact of ambulatory infusions of levosimendan
in patients with advanced HFrEF has also been assessed
[42]. In 30 patients with advanced HFrEF, infusion of
levosimendan (0.2 mcg/kg/min for 6-8 h according to the
patient’s weight) reduced pulmonary artery mean pressure
compared with baseline at 48 h (27.69 + 4.64 vs 23.24 +
5.32 mmHg; p < 0.01).

A meta-analysis analyzed the effects of levosimendan
on right ventricular function in patients with left ventricu-
lar systolic dysfunction. In an analysis of the eight stud-
ies with a total of 390 patients [43], levosimendan was

associated with a significant reduction in both systolic pul-
monary arterial pressure (— 5.57, 95% confidence interval
—7.60, — 3.54, p < 0.00001) and mean pulmonary arterial
pressure (— 1.01, 95% confidence interval — 1.64, — 0.37,
p =0.002).

The effects of levosimendan on PH due to heart failure
preserved ejection fraction were recently evaluated in the
HELP (Levosimendan Improves Hemodynamics and Exer-
cise Tolerance in PH-HFpEF) study [11]. After a run-in
period, which required hemodynamic improvements after 24
h of levosimendan, the study randomized 37 patients (84 %)
with heart failure preserved ejection fraction PH (mean
pulmonary artery pressure > 35 mmHg) to levosimendan
versus placebo. The study failed to meet its primary end-
point of change in exercise pulmonary artery wedge pressure
at 25 watts of exercise at 6 weeks. However, levosimendan
reduced pulmonary artery wedge pressure across all stages
of exercise (— 3.9 + 2.0 mm Hg; p = 0.047) compared with
placebo as well as central venous pressure. There was also
a 29.3-m difference in the 6-min walk distance (p = 0.033)
between levosimendan and placebo groups.

Despite its potential inotropic and vasodilatory effects,
the hemodynamic benefits of levosimendan appear to be
mediated via a reduction in stressed blood volume, suggest-
ing venodilation as the prominent mechanism of action. A
phase III study is needed to confirm these results.

5 Levosimendan in PH Associated with Lung
Disease

Pulmonary hypertension due to lung disease or conditions
causing hypoxemia is the second leading cause of PH (14%
of the overall form of PH in patients aged < 65 years) [44].
The pathogenesis of this form of PH is complex and still
not fully elucidated. However, experimental data suggest
that levosimendan may counteract some of the mechanisms
involved in group 3 PH.

Table 2 Positive effects of levosimendan in PH related to left heart disease

Mechanisms related to PH

Effects of levosimendan

Initial increase of left ventricular filling pressure and
passive transmission into the pulmonary circulation

Endothelial dysfunction of PA

Reduction of left ventricular filling pressure in both HFrEF and HFpEF

Improvement of endothelial function (improvement of flow-mediated dilatation, reduced

expression of soluble adhesion molecules, anti-inflammatory effects)

RV dysfunction and functional tricuspid regurgitation
velocity

Impaired RV/PA coupling

Improvement of right ventricular systolic function, reduction in tricuspid regurgitation

Restoring RV-PA coupling by decrease of PA resistance and elastance and increased of
RV contractility

HFpEF heart failure with preserved ejection fraction, HFrEF heart failure with reduced ejection fraction, PA pulmonary artery, PH pulmonary

hypertension, RV right ventricle
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Levosimendan vasodilating-related effects could theoreti-
cally prevent the hypoxic pulmonary vasoconstriction that
represents the principal mechanism for the development of
PH associated with lung disease. Additionally, levosimendan
enhances force generation of respiratory in patients with
chronic obstructive pulmonary disease [45] with a theoreti-
cal positive effect on ventilation and hypoxia. Finally, levosi-
mendan enhances nitric oxide production, which is impaired
in group 3 PH [46].

Despite the theoretical beneficial impact on the patho-
physiology of Group 3 PH, only one study has evaluated
the role of levosimendan in PH associated with pulmonary
disease. This pilot study enrolled 35 patients with PH due to
acute respiratory distress syndrome and septic shock [47]. In
those patients, 24-h infusion of levosimendan reduced mean
pulmonary arterial pressure (29 + 3 vs 25 + 3 mmHg; p <
0.05) and pulmonary vascular resistance (290 + 77 vs 213
+ 50 dynes/s/cm5/m?; p < 0.05).

It is worth noting that levosimendan may also incur a
theoretical risk in patients with PH from pulmonary disease
as levosimendan-related vasodilation could worsen the dead-
space effect (increased perfusion in non-ventilated areas of
the lung) [48], resulting in reduced saturation and clinical
deterioration. On the basis of these limited data, the role of
levosimendan in patients with PH from pulmonary disease
is not established.

The unique mechanism of action of levosimendan
(inodilation), as well as current experience in the literature,
suggest that levosimendan may have a role in the treat-
ment of various forms of PH, either as possible treatment
(as in the case of PH associated with left heart disease) or
as an addition to specific therapy (as in the case of PAH).
The currently available results summarized in this review
should be confirmed in a robustly designed, prospective,
comparative trial of levosimendan in selected patients with
PH.

The availability of a formulation for an oral adminis-
tration of levosimendan (currently under development)
will facilitate the conduct of randomized clinical trials
with adequate statistical power to confirm the prelimi-
nary positive results of levosimendan in these two forms
of PH, specifically with regard to sustained benefit with
longer term use on clinically relevant endpoints. More
laboratory and clinical research is needed to evaluate if
levosimendan will have a role in thetreatment of the other
forms of PH.
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