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Abstract

Pulmonary hypertension is a multifactorial disease with a high morbidity and mortality. Right ventricular function is the most
important predictor of morbidity and mortality in patients suffering from pulmonary hypertension, but currently there are no
approved treatments directly supporting the failing right ventricle. Levosimendan is a calcium sensitizing agent with inotropic,
pulmonary vasodilatory, and cardioprotective properties. Given its pharmacodynamic profile, levosimendan could be a potential
novel agent for the treatment of right ventricular failure caused by pulmonary hypertension. The aim of this review is to provide an

overview of the current knowledge on the effects of levosimendan in pulmonary hypertension and right heart failure.
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Introduction

Pulmonary hypertension (PH) is defined as an increased
mean pulmonary arterial pressure >25mmHg at rest, as
assessed by right heart catheterization.! PH can be caused
by various conditions and the treatment options depend
upon the type of PH. The World Health Organization has
classified PH into five clinical subgroups:* pulmonary arter-
ial hypertension (PAH) (group 1), PH due to left heart dis-
ease (LHD) (group 2), PH due to lung diseases and/or
hypoxemia (group 3), PH due to chronic thromboembolism
(CTEPH) (group 4), and PH with unclear and/or multifac-
torial mechanisms (group 5). In PAH, the pathological
changes are mainly in the small pulmonary arteries and
may occur idiopathic, familial, or associated, for example,
with congenital heart disease (CHD). Treatments of PAH
primarily target pulmonary vascular dysfunction in order to
lower right ventricle (RV) afterload and thereby improve
RV function. PH induced by increased pressure in the pul-
monary veins is seen in LHD, whereas hypoxia is considered
a major pathophysiological driver of PH in chronic pulmon-
ary diseases. In these subgroups of PH, the treatment is
directed towards the underlying heart or lung disease.

In chronic thromboembolic PH, the disease is predomin-
antly located in the central pulmonary arteries and treat-
ment is primarily to relieve vascular obstruction by
pulmonary endarterectomy or alternatively balloon pul-
monary angioplasty. In all of the PH subgroups, RV func-
tion is the main predictor of morbidity and mortality;
however, there are currently no approved treatments sup-
porting the RV directly.

There is currently no consensus definition of RV failure
and RV dysfunction. To maintain cardiac output in the
setting of an acute pulmonary arterial pressure elevation,
for example, a large pulmonary embolism, the RV increases
its contractility.® Failure to adapt acutely leads to RV dila-
tation and dysfunction clinically evidenced by hypotension
and cardiogenic shock. When pulmonary arterial pressure
increases more slowly, the RV dilates and preserves cardiac
output using Starling’s law. Generally, RV function is
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preserved until late phases of the disease. Ultimately, the RV
fails and gets spherical, tricuspid regurgitation develops and
leads to more right heart failure. A spiral process follows
resulting in venous system congestion and symptomatic dis-
ease. Symptoms include fatigue, exertional dyspnea, ankle
swelling, dizziness, right upper abdominal discomfort or
pain, and epigastric fullness.

The calcium sensitizer levosimendan that is used in left
heart failure has also been suggested in the management of
PH and right heart failure, due to its pharmacodynamic
profile with inotropic and pulmonary vasodilatory effects.
However, evidence for levosimendan treatment in PH is cur-
rently lacking, and it is not possible to extrapolate know-
ledge from studies with levosimendan on the left ventricle
(LV) to the RV. In this review, we summarize and discuss
the existing data on the use of levosimendan in both experi-
mental models of PH and clinical PH in order to guide
potential clinical use and future research.

Levosimendan
Mechanism of action

The mechanism of action is complex and at least three key
pharmacological effects have been identified, including
an inotropic effect, vasodilation, and cardioprotection
(Fig. 1). Levosimendan is a calcium sensitizer that displays
positive inotropic effects by increasing the affinity of

Hypotension
Hypokalemia

myocardial troponin C to calcium. In contrast to other ino-
tropes, the positive inotropic effect of levosimendan does
not occur at the expense of calcium overload or increased
myocardial oxygen demand.*> Additionally, diastolic func-
tion does not deteriorate as the calcium sensitizing effect is
related to intracellular calcium levels, which decreases during
diastole yielding an improvement in diastolic function.®
Levosimendan displays vasodilatory effects by the opening
of adenosine triphosphate (ATP)-dependent K™ channels in
vascular smooth muscle cells. Vasodilation occurs in both
arterial and venous smooth muscle cells, causing a reduction
in both RV preload and afterload.” The cardioprotective
properties are related to opening of mitochondrial ATP-
dependent K* channels in the cardiomyocytes, thereby
providing protection against ischemia-reperfusion injury,
apoptosis, and oxidative stress.® Dilatation of coronary
arteries and improvement in oxygen supply has also been
assumed to protect the myocardium against ischemia.’
Although levosimendan is a potent and selective inhibitor
of phosphodiesterase type 3, this action does not seem to
contribute to its inotropic and vasodilator effect at thera-
peutic doses.'”

Pharmacokinetics

Levosimendan has a short elimination half-life of approxi-
mately 1h, whereas the active metabolite OR-1896 has an
elimination half-life of 70-80h allowing hemodynamic
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Fig. |. Cardiovascular effects of levosimendan in the setting of PH and associated right heart failure.

Abbreviations: CO, cardiac output; EF, ejection fraction.
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effects to persist 7-9 days after a 24 h infusion of levosimen-
dan.'" About 5% of levosimendan is converted to the
metabolite OR-1855 in the intestine and then acetylated
to OR-1896 in the liver. The active metabolite OR-1896
displays hemodynamic properties similar to those of
levosimendan. In patients with severe renal dysfunction
or moderate hepatic dysfunction, the pharmacokinetic of
levosimendan is unaltered, although the elimination of the
metabolites may be prolonged. Importantly, no develop-
ment of tolerance,'' and no rebound effect after withdrawal
have been reported.®

Dosage and administration

Today, the recommended dose to obtain favorable hemo-
dynamic effects in left heart failure is a bolus dose of
12 ng/kg during 10min followed by continuous infusion
of 0.1pg/kg/min for 24h, which can be reduced to
0.05 pg/kg/min or increased to 0.2 pg/kg/min.'? No dosage
adjustments are required in patients with mild to moderate
renal failure or mild to moderate hepatic failure.
Contraindications are severe hypotension (systolic blood
pressure < 85 mmHg), tachycardia, severe renal or hepatic
failure, mechanical obstruction to ventricular filling or out-
flow, and a history of torsades de pointes ventricular
tachycardia.

Adverse events

Generally, levosimendan has been well tolerated in patients
with acute left heart failure considering the high risk nature
of these patients. The most common adverse effects reported
are hypotension, headache, nausea, and dizziness secondary
to the vasodilating effect.'® Levosimendan infusion is asso-
ciated with an increased incidence of atrial fibrillation com-
pared both with dobutamine and with placebo.'*!’
However, with respect to ventricular arrhythmias, conflict-
ing results have been presented. In the SURVIVE study, no
difference between the incidence of ventricular tachycardia
in the levosimendan and dobutamine group was found.'* In
the REVIVE study, an increased incidence of ventricular
tachycardia was reported with levosimendan compared to
placebo.'” This discrepancy may be caused by the high-sus-
tained infusion, the administration of other intravenously
drugs along with the more high-risk nature of patients
enrolled in the REVIVE trial. Finally, hypokalemia has
been reported more frequently with levosimendan compared
with dobutamine, but the mechanism underlying hypokal-
emia is unresolved.

Levosimendan in PH
Preclinical studies

Given the small and heterogeneous patient groups with PH,
different animal models of PH are essential for evaluation of

the safety and efficacy of novel therapeutic agents. There is
no gold standard for animal models of PH and right heart
failure and such models obviously carry important limita-
tions. However, they might serve as a rational basis for
designing relevant clinical investigations. The effect of levo-
simendan on PH and associated RV failure has been
assessed using a wide range of different animal models
of acute and chronic PH, and several of these preclinical
studies have showed beneficial effects of levosimendan.
Supplementary Table 1 online summarizes the main preclin-
ical studies.

In animal models of acute pressure overload induced RV
failure caused by constriction of the pulmonary artery,
thromboxane mimetics, repeated acute pulmonary embo-
lisms, or hypoxic pulmonary vasoconstriction, acute admin-
istration of levosimendan has been reported to improve RV
contractility and function, reduce RV afterload by pulmon-
ary vasorelaxant effects, and most importantly, restore right
ventricular—pulmonary arterial coupling.'®?' Additionally,
it was found that levosimendan increased coronary blood
flow."” In contrast to these beneficial studies, negative
results were described in a study with levosimendan in endo-
toxin-induced PH in rats.? In this experiment, no improve-
ment in RV or LV function was found and levosimendan
was associated with hyperlactatemia, acidosis, and an
increase in plasma proinflammatory cytokines.

When investigating the acute effect of levosimendan in
open chest pigs with normal pulmonary circulation, levosi-
mendan was found to increase RV contractility, but it did
not change pulmonary vascular resistance and right ven-
tricular—pulmonary arterial coupling,” indicating that the
pulmonary vasodilatory effect of levosimendan is primarily
displayed in the setting of PH. In this study no changes in
right coronary artery flow and RV oxygen consumption
were found and RV mechanical efficiency deteriorated
slightly at the highest dose of levosimendan.

Recently, the role of levosimendan in chronic PH and
associated RV failure has been investigated using the mono-
crotaline rat model, the pulmonary trunk banding rat
model, and the Sugen-hypoxia rat model. First,
Revermann et al. demonstrated that three weeks of levosi-
mendan treatment in the monocrotaline rat model attenu-
ated the development of PAH by inhibiting proliferation of
pulmonary arterial smooth muscle cells, pulmonary vascular
medial wall thickness, and RV hypertrophy.>* Vildbrad
et al. showed that acute administration of levosimendan in
the monocrotaline and pulmonary trunk banding models
improved RV contractility and RV lusitropy in both
models and improved RV stroke volume in the monocrota-
line model, but not in the pulmonary trunk banding
model.>> This difference may be explained by the absence
of RV afterload reduction in the pulmonary trunk banding
model due to the fixed RV afterload. However, Hillgaard
et al. reported that long-term treatment in the pulmonary
trunk banding model improved RV function and contract-
ility despite a fixed afterload.?® Translation of these two rat
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models to human PAH is problematic since the pulmonary
trunk banding model does not provide information about
the pulmonary vascular effects of levosimendan, and the
monocrotaline model has been widely criticized for inducing
a systemic proinflammatory and procoagulant response,
which causes myocarditis and thickening of the coronary
arterioles.?” Based on this concern, Hansen et al. studied
the effects of long-term treatment in the Sugen-hypoxia rat
model, which is characterized by vascular changes that clo-
sely mimics those in PAH patients.”® It was demonstrated
that levosimendan in this model improved both RV hemo-
dynamics, pulmonary vasculopathy, and RV remodeling.
Hemodynamic improvement was demonstrated by improved
RV function, reduced RV afterload, and improved right ven-
tricular—pulmonary arterial coupling. Effects on pulmonary
vasculopathy was reported by attenuation of pulmonary
arterial occlusive lesions, and reduced RV remodeling was
demonstrated by increased capillary density, reduced cardio-
myocyte size, and reduced atrial natriuretic peptide and
B-type natriuretic peptide. Additionally, Hansen et al.
revealed that long-term treatment in the pulmonary trunk
banding rat model improved RV function without increasing
RV myocardial oxygen consumption leading to improved
myocardial external efficiency,” which is consistent with the
calcium sensitizing effect and emphasizes the potential thera-
peutic value of levosimendan therapy in PH.

Overall the existing preclinical data provides strong evi-
dence of beneficial effects of levosimendan and motivates
clinical testing of levosimendan in PH and associated RV
failure in well-designed clinical studies.

Levosimendan in PAH

Results similar to what has been shown in preclinical stu-
dies, have been reported in patients with PAH, however data
are very sparse. Supplementary Table 2 online summarizes
the few clinical studies and case-reports on levosimendan
treatment in PAH patients. A placebo-controlled pilot
study conducted in 28 patients with PH of different etiolo-
gies, including idiopathic PAH, PH due to LHD, and PH
due to chronic thromboembolic disease,*” investigated the
acute (24h) and long-term (2 months) effects of repetitive
intravenous infusions of levosimendan. Patients with right
heart failure, NYHA class III-IV, mean right atrial pressure
>4mmHg, mean pulmonary arterial pressure >30 mmHg,
and a positive vasoreactive response were included in the
study. Patients were randomized 2:1 to levosimendan or
placebo and the study drug was administered five times
with 2 weeks of interval. The initial levosimendan infusion
caused a decrease in pulmonary vascular resistance and
mean pulmonary arterial pressure, which was maintained
during the treatment course. Similar results were observed
in a prospective, single-arm study performed in 9 patients
with idiopathic PAH and associated right heart failure,
where a 24 h levosimendan infusion led to a reduction in
pulmonary vascular resistance, increased exercise tolerance,

and reduced NT-proBNP. At 12 week follow-up, the
improved functional status was preserved, and the hemo-
dynamic improvement was maintained.’’ In a prospective
non-randomized open-label study of 45 PH patients with
severe acute right heart failure, levosimendan improved
WHO functional class, Borg dyspnea score, 6-min walk
test, biochemical markers and echocardiographic param-
eters of RV function.’” On the contrary, a paradoxical rise
in pulmonary arterial pressure were described in two idio-
pathic PAH patients with RV failure and a negative vasor-
eactivity test.*® The authors discussed whether this could be
due to improved RV function in the setting of a relatively
fixed pulmonary arterial resistance, but no cardiac output or
pulmonary vascular resistance values were reported.

Further clinical studies are obviously required to confirm
the efficacy and safety of levosimendan in PAH. Patients in
such trials should be adequately characterized hemodynam-
ically including status on pulmonary vasoreactivity.

Levosimendan in PH due to LHD

PH and RV dysfunction often complicates advanced left
heart failure and have negative impact on the prognosis.
PH related to LHD represents the most frequent type of
PH and constitutes 65-80% of PH cases.** It may be diffi-
cult to distinguish correctly between PAH and PH due to
LHD, however it has important therapeutic consequences.
Supplementary Table 3 online summarizes the clinical
studies on levosimendan treatment in patients with PH
due to LHD.

One of the first studies conducted was a placebo-con-
trolled study of 54 patients with advanced heart failure
due to LV systolic dysfunction (NYHA III-IV, LVEF
<35%), which demonstrated that a 24 h infusion with levo-
simendan improved echocardiographic parameters of RV
systolic and diastolic function, reduced systolic pulmonary
arterial pressure, and improved neurohormonal status.*
Similar randomized clinical trials or prospective, single-
arm studies in patients with LHD have been performed
and showed improved RV contractility, reduced RV after-
load, and improved clinical symptoms with levosimendan
treatment.>®®

However, these studies were not designed to investigate
patients with significant RV dysfunction. Subsequently,
Poelzl et al. administered open label levosimendan in 18
patients with predominantly RV failure and LV ejection frac-
tion <30%, cardiac index <2.5L/min/m?, right atrial pres-
sure >10mmHg, and pulmonary capillary wedge pressure
>15mmHg and found an improvement in RV and LV con-
tractility but no difference in RV afterload.’ Levosimendan
was found to offer more favorable effects compared with
dobutamine in a study by Yilmaz et al.,** where 40 patients
with acutely decompensated systolic heart failure and mod-
erate-to-severe RV dysfunction were randomized to open
label levosimendan or dobutamine. Both treatments
improved RV ejection fraction and decreased systolic
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pulmonary arterial pressure, however, tricuspid annular
plane systolic excursion, 24h urine output, and creatinine
was improved in the levosimendan group compared with
the dobutamine group. Similar results were reported by
Duygu et al. in an echocardiographic study comprising 62
patients with acute left heart failure randomized to levosi-
mendan or dobutamine,*! where levosimendan was found
to be superior to dobutamine in improving RV systolic and
diastolic function and reducing systolic pulmonary arterial
pressure. In a randomized clinical trial in patients with PH
undergoing valve replacement, levosimendan was found as
effective as milrinone in improving biventricular function
and reducing mean pulmonary arterial pressure and pulmon-
ary vascular resistance.*” However, levosimendan resulted in
a greater increase in heart rate, decrease in systemic vascular
resistance, and a greater need for norepinephrine.

Another key finding is that levosimendan improves car-
diac output in patients with left heart failure without
increasing biventricular oxygen consumption leading to an
improvement in RV mechanical efficiency.’

No studies investigating the effect of levosimendan on PH
due to LV failure with preserved ejection fraction has been
performed to our knowledge.

Overall, levosimendan seems to be favorable in treating
patients with PH due to LHD because of its ability to
improve RV function, decrease pulmonary arterial pressure,
improve clinical symptoms, and improve RV mechanical effi-
ciency. Additionally, levosimendan was found superior or as
effective as dobutamine in improving RV function and redu-
cing pulmonary arterial pressure. Due to the small number of
patients included in the studies of levosimendan in PH due to
LHD, the clinical importance of levosimendan in PH due to
LHD needs further investigation in future studies with inclu-
sion of more patients and longer time of follow up.

Levosimendan in CHD

Given the inotropic effect and pulmonary vasodilating proper-
ties, levosimendan may offer therapeutic benefits in pediatric
patients with CHD and PH. The pharmacokinetic profile of
levosimendan has been characterized in pediatric patients with
CHD assessed for cardiac surgery and was found comparable
to that in adult patients with heart failure.** However, the
active metabolite OR-1896 has been suggested to exert pro-
longed hemodynamic effects in neonates as the active metab-
olite OR-1896 remained detectable in plasma 14 days after a
48 h levosimendan infusion in neonates going through cardiac
surgery.** Pediatric patients were given the same dose of levo-
simendan as adults, which implies a bolus of 6-24 ug/kg fol-
lowed by continuous infusion of 0.05-0.2pg/kg/min or
continuous infusion only. No important adverse effects or
unexpected adverse drug reactions has been reported in chil-
dren undergoing cardiac surgery, only transitory tachycardia
or hypotension has been described at start of the infusion.*
Levosimendan has mainly been studied in the periopera-
tive setting of CHD because preoperative PH may

exacerbate in the postoperative period, and levosimendan
has been suggested effective in preventing and treating low
cardiac output syndrome and PH after cardiac surgery.
Only one single clinical trial of levosimendan treatment in
patients with PH due to CHD has been conducted. The
randomized double-blinded study by Ebade et al. demon-
strated that levosimendan was superior to dobutamine in
improving cardiac index and lowering mean pulmonary
arterial pressure in children younger than 4 years with PH
undergoing cardiac surgery.*’ In addition, four cases have
been reported on the use of levosimendan in children with
CHD and PH. Lechner et al. described a neonate who
underwent arterial switch operation and suffered from post-
operative low cardiac output syndrome and PH.*
Levosimendan was administered after an insufficient
response to conventional inotropic treatment, and led to
an improvement in LV function, and a reduction in left
atrial pressure and systolic pulmonary arterial pressure.
Braun et al. reported a 2 months old child with postopera-
tive acute left heart failure, PH, and right-to-left shunt after
cardiac surgery due to CHD and PH.*’ Levosimendan infu-
sion caused an improvement in LV function, a halving of
pulmonary arterial pressure, and resolution of right-to-left
shunting. Likewise, Luther et al. reported improved LV
function and reduced pulmonary vascular resistance in a 9
months old child with LV dysfunction and refractory PH
due to congenital stenosis of the left coronary artery.*®
Contrary to these three favorable cases, a case report
described levosimendan-induced increase in pulmonary
arterial pressure in a child with LV dysfunction and PH
due to CHD and a negative vasoreactive response.*’

In adults, only one case report of levosimendan treatment
in CHD and PH has been published. Rafiq et al. reported a
30 years old patient with end stage heart failure and PH due
to CHD who improved in exercise tolerance, number of
hospitals admissions, and expected survival after levosimen-
dan therapy 1-2 times per month for 1 year.”® End stage
heart failure due to CHD in adults is a frequent clinical
problem particularly when all therapeutic, surgical, and
device options have been depleted. Levosimendan might
potentially play a therapeutic role in improving prognosis
and quality of life in this specific group of patients.

Levosimendan in PH due to lung disease and
thromboembolism

Only very few levosimendan studies have been conducted in
PH associated with lung disease and in PH related to pul-
monary thromboembolism. In lung disease, a randomized,
placebo-controlled clinical trial by Morelli et al. studied 35
patients with PH related to acute respiratory distress syn-
drome and septic shock.”" A 24 h infusion of levosimendan
was reported to reduce mean pulmonary arterial pressure
and pulmonary vascular resistance, and improve RV function
and mixed venous oxygen saturation compared with placebo.
In acute and chronic pulmonary thromboembolism, only two
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case reports have been published. Powell et al. reported a case
with a 72 year old man suffering from life-threating acute
pulmonary embolism.’> Due to a history of upper gastro-
intestinal bleeding and a poor pre-morbid status, medical,
invasive, and surgical treatments were unfavorable. The
patient received a 24 h levosimendan infusion that, after tran-
sient hypotension and tachycardia, improved the patient with
hemodynamic stabilization, increasing P,0O,, and improve-
ment in metabolic parameters. Pitsiou et al. reported a case
with a 49 year old man with non-operable CTEPH and
decompensated RV failure.® The patient was treated with
furosemide, inhaled iloprost, and 24 h levosimendan infusion.
He improved during the next days, and at follow up at one
month, he presented with clinical stabilization and was
referred for transplant evaluation.

Conclusions

The present literature on levosimendan in PH, despite lim-
ited in its extent, suggests that levosimendan is potentially
favorable in treating PH and associated RV failure resulting
from different etiologies such as PAH, LHD, and CHD. The
existing literature does not provide adequate evidence to
currently recommend the use of levosimendan in PH and
associated RV failure. Larger, well-designed and sufficiently
powered clinical trials should be carried out to evaluate the
clinical efficacy and safety of levosimendan in this important
group of patients with a high morbidity and mortality.
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