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Levosimendan improves cardiac function and
survival in rats with angiotensin II-induced
hypertensive heart failure

Agnieszka Biala1, Essi Martonen1, Petri Kaheinen1, Jouko Levijoki2, Piet Finckenberg1, Saara Merasto1,
Marjut Louhelainen1, Dominik N Muller3, Friedrich C Luft3 and Eero Mervaala1

Calcium-sensitizing agents improve cardiac function in acute heart failure; however, their long-term effects on cardiovascular

mortality are unknown. We tested the hypothesis that levosimendan, an inodilator that acts through calcium sensitization,

opening of ATP-dependent potassium channels and phosphodiesterase III inhibition, improves cardiac function and survival in

double transgenic rats harboring human renin and angiotensinogen genes (dTGRs), a model of angiotensin II (Ang II)-induced

hypertensive heart failure. Levosimendan (1 mg kg�1) was administered orally to 4-week-old dTGRs and normotensive

Sprague–Dawley rats for 4 weeks. Untreated dTGRs developed severe hypertension, cardiac hypertrophy, heart failure with

impaired diastolic relaxation, and exhibited a high mortality rate at the age of 8 weeks. Levosimendan did not decrease blood

pressure and did not prevent cardiac hypertrophy. However, levosimendan improved systolic function, decreased cardiac atrial

natriuretic peptide mRNA expression, ameliorated Ang II-induced cardiac damage and decreased mortality. Levosimendan did

not correct Ang II-induced diastolic dysfunction and did not influence heart rate. In a separate survival study, levosimendan

increased dTGR survival by 58% and median survival time by 27% (P¼0.004). Our findings suggest that levosimendan

ameliorates Ang II-induced hypertensive heart failure and reduces mortality. The results also support the notion that the effects

of levosimendan in dTGRs are mediated by blood pressure-independent mechanisms and include improved systolic function and

amelioration of Ang II-induced coronary and cardiomyocyte damage.
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INTRODUCTION

Defects in cardiac excitation–contraction coupling have been identi-
fied in both human and experimental models of heart failure
characterized as prolonged calcium transient with elevated end-
diastolic and decreased systolic intracellular calcium concentrations
and prolonged relaxation phase.1,2 Excitation–contraction coupling is
usually classified into three processes, namely ‘upstream mechanisms,’
such as Ca2+ mobilization, ‘central mechanisms,’ such as Ca2+ binding
to troponin C and ‘downstream mechanisms,’ including thin filament
regulation and cross-bridge cycling, as reviewed elsewhere.3 Classical
inotropic agents such as b1-adrenergic agonists, phosphodiesterase III
(PDE-III) inhibitors and digitalis function primarily through
upstream mechanisms.3 Although these agents improve symptoms
and hemodynamics by increasing intracellular Ca2+ levels, they
increase myocardial oxygen demand, exert arrhythmogenic effects
and worsen both short- and long-term mortality.3–5 Calcium sensiti-
zers are novel drugs acting by combination of the upstream and
central/downstream mechanisms.3,5–7 Calcium sensitizers seem advan-

tageous for treating acute decompensated heart failure and acute low-
output heart failure, compared with clinically available inotropes,
which act primarily by increasing intracellular calcium mobilization
in cardiac myocytes.5–7 Although evidence supports the idea that Ca2+

sensitivity is decreased during acute cardiac hypoxia or ischemia,8,9

data from subacute and chronic heart failure experiments showed that
Ca2+ sensitivity may even be increased because of a decrease in
troponin I phosphorylation caused by the downregulation of
b1-adrenoceptor-mediated signaling.3,10 Therefore, the role of calcium
sensitizers in the treatment of chronic heart failure remains unclear.

Levosimendan binds to the calcium-saturated N-terminal domain
of troponin C in the cardiac muscle and stabilizes the troponin
molecule, with subsequent prolongation of its effect on contractile
proteins.11–13 Besides increasing the strength of cardiac contractions,
levosimendan exerts vasodilatory effects by opening sarcolemmal and
mitochondrial ATP-sensitive potassium channels.14 Levosimendan
also potently inhibits PDE-III in vitro.15,16 However, the clinical
relevance of its PDE-III inhibitory action still remains unclear.
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We showed earlier that levosimendan improved survival and amelio-
rated hypertension-induced cardiac remodeling in Dahl salt-sensitive
rats17 and prevented postinfarct heart failure in spontaneously diabetic
Goto-Kakizaki rats.18 Furthermore, Nieminen et al.19 showed that
patients with severe chronic heart failure showed improved quality of
life and reduced plasma brain natriuretic peptide levels, although their
cardiovascular mortality did not decrease. We now investigated the
effects of levosimendan in a novel, high-angiotensin (Ang) II, hyper-
tensive heart failure model. We reasoned that the renin–angiotensin
system is pivotal to the heart failure process as targeted drug inter-
ventions of this system are so successful. We used a double transgenic
rat model harboring human renin and angiotensinogen genes
(dTGRs).20–23

METHODS

Experimental animals, blood pressure measurement and sample
preparation
We used 75 4-week-old male double transgenic rats (dTGRs) (Biotechnology

and Animal Breeding Division, Füllingsdorf, Switzerland) and 20 age-matched

normotensive Sprague–Dawley (SD) rats (Charles River, Schutzfeld, Germany)

as described elsewhere.22 The protocols were approved by the Animal Experi-

mentation Committee of the University of Helsinki, Finland, and by the

Provincial State Office of Southern Finland (approval number STU 1187 A),

the standards of which correspond to those of the American Physiological

Society. The rats had free access to chow (SDS Special Diet Services, Witham,

Essex, UK) and drinking water. Both dTGRs and normotensive SD control rats

were divided into four groups to receive the following diet and drug regimens

for 4 weeks: (1) dTGR controls (n¼20); (2) dTGR+levosimendan (n¼15); (3)

SD controls (n¼10); (4) SD+levosimendan (n¼10). The length of the follow-

up period was based on our previous studies showing pronounced cardiovas-

cular mortality already at the age of 8 weeks.20–23 However, in a separate

survival study, the influence of lifelong oral levosimendan treatment on

cardiovascular mortality in dTGRs was examined (dTGR controls, n¼20;

dTGR treated with levosimendan, n¼20). Systolic blood pressure was measured

weekly from week 6 to week 8 using a tail-cuff blood pressure analyzer (Apollo-

2AB Blood Pressure Analyzer, Model 179–2AB, IITC Life Science, Woodland

Hills, CA, USA). At the end of the follow-up period, urine samples were

collected over a 24-h period in metabolic cages for albumin measurement.

Urine volumes and water intakes were measured gravimetrically. At the age of 8

weeks, rats were rendered unconscious with CO2/O2 (95%/5%, AGA, Riihi-

mäki, Finland) in 10 s, and then decapitated (national legislation 20.1.2006/62).

Blood samples were collected for biochemical measurements using EDTA

(ethylenediamine tetraacetic acid) as an anticoagulant. The hearts and kidneys

were excised, washed with ice-cold saline, blotted dry and weighed. Tissue

samples for histology were fixated in 10% formalin and processed to paraffin

with routine methodology. For protein and gene expression studies, cardiac

samples were snap frozen in liquid nitrogen and stored at �80 1C until assayed.

Levosimendan (a kind gift from Orion Pharma, Espoo, Finland) was adminis-

tered orally through drinking fluid to produce an approximate daily dosage of

1 mg kg�1 as in our previous rat experiments.17,18 Fresh levosimendan solutions

were prepared daily. Owing to the dipsogenic effect of Ang II,24,25 the water

intake in dTGRs is approximately three-fold higher compared with SD rats. We

therefore adjusted the levosimendan concentration in drinking fluid at three-

fold higher concentration for SD rats (levosimendan concentration in drinking

fluid 3 mg l�1 for dTGRs and 10 mg l�1 for SD rats).

Echocardiography
Transthoracic echocardiography (Toshiba Ultrasound, Tokyo, Japan) was

performed on all rats under isoflurane anesthesia (AGA) in a blinded manner

by the same technician during the last study week as described previously.18

Parameters required for the calculation of cardiac function and cardiac

dimensions were measured from three systole–diastole cycles. A short-axis

view of the left ventricle (LV) at the level of the papillary muscles was obtained

by a two-dimensional imaging method (Gibson method), using a 15-MHz

linear transducer. Two dimensionally guided M-mode recording through the

anterior and posterior walls of the LV was used to measure both LVESD (LV

end-systolic dimension) and LVEDD (LV end-diastolic dimension). In addition,

interventricular septum and posterior wall thickness were measured. LV

fractional shortening (FS) and ejection fraction (EF) were calculated from

the M-mode LV dimensions using the following equations:

FSð%Þ ¼ fðLVEDD � LVESDÞ=LVEDDg�100

EF ¼ SV=EDV

SV ¼ EDV � ESV

EDV ¼ 0:52�ð0:98�ðLVIDD=10Þ+5:90Þ�ðLVIDD=10Þ2

ESV ¼ 0:52�ð1:14�ðLVIDS=10Þ+4:18Þ�ðLVIDS=10Þ2

LVEDD¼diameter of the short-axis LV in end diastole. LVEDS¼diameter of the

short-axis LV in end systole. We assessed diastolic dysfunction by measuring the

isovolumic relaxation time using color Doppler imaging. The isovolumic

relaxation time was measured as the interval between the aortic closure click

and the start of mitral flow.

Tissue morphology and cardiomyocyte cross-sectional area
Tissue morphology was evaluated from hematoxylin and eosin-stained cardiac

and renal sections in a blinded manner. The severity of observed lesions was

graded with numerical values denoting the degree of damage at the whole tissue

level. The following system of severity grading was used: (0, no abnormalities

detected) 1, minimal; 2, mild; 3, moderate; 4, marked; or 5, severe.26 Conven-

tional light microscopy at �400 magnification was used to determine cardi-

omyocyte cross-sectional area. In all, 15–17 random fields were studied, and in

each field, the cell borders were measured from myocytes cut in the short axis

with a visible nucleus. An average of 50 cardiomyocytes per animal was studied

from each animal in the group. The cross-sectional area was evaluated in a

blinded manner and analyzed using the ISIimaging software (Image Solutions,

Whippany, NJ, USA).17,18

Cardiac mRNA expression analysis by quantitative real-time reverse
transcriptase-PCR
Quantitative real-time reverse transcriptase-PCR was performed using the

LightCycler instrument (Roche Diagnostics, Neuilly sur Seine, France) for

detection of atrial natriuretic peptide (ANP), SERCA2, NCX-1, a-MHC,

b-MHC, MCP-1, Bax, PGC-1a and ribosomal 18S mRNA as described else-

where.18,27 Briefly, total RNA from the rat hearts were collected using Trizol

(Gibco, Invitrogen, Carlsbad, CA, USA), treated with DNAse 1 (deoxyribo-

nuclease 1, Sigma Chemicals, St Louis, MO, USA) and reverse transcribed to

cDNA by reverse transcription enzyme (Im-Prom-II reverse transcription

system, Promega, Madison, WI, USA). A volume of 1ml of cDNA was subjected

to quantitative real-time PCR for detection of ANP, a-MHC, b-MHC, MCP-1,

Bax, PGC-1a and ribosomal 18S mRNA. The following primers were used:

ANP forward: CCGATAGATTCTGCCCTCTTGAA, reverse: CCCGAAGCAGC

TTGATCTTC; a-MHC forward: CTGAAAACGGCAAGACGGT, reverse: ACTT

ATAGGGGTTGACGGTG; b-MHC forward: GCCCGGCATGATTGCG,

reverse: TGGCGTCCGTCTCATACT; MCP-1 forward: GCAGGTCTCTGTC

ACGCTTCT, reverse: GGCTGAGACAGCACGTGGAT; Bax forward: CGGC

GAATTGGAGAGATG, reverse: GGTCCCGAAGTAGGAG; PGC-1a forward:

GGTCCCCAGGCAGTAG, reverse: CTCCATCATCCCGCAG, 18S forward:

CATCCAAGGAAGGCAGCAG, reverse: TTTTCGTCACTACCTCCCCG. The

samples were amplified using FastStart DNA Master SYBR Green 1 (Roche

Diagnostics) according to the protocol of the manufacturer. The quantities of

the PCR products were quantified with an external standard curve amplified

from purified PCR product.

Cardiac SERCA2a and NCX expressions by western blot
Cardiac samples from the LV were electrophoretically separated by 8%

SDS-PAGE (20mg total protein of the whole-cell lysate per lane). Each lane

corresponded to one rat and all four groups were run on one gel. Proteins were

transferred onto a polyvinylidene fluoride membrane (Immobilon-P, Millipore,
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Bedford, MA, USA) and blocked in 5% non-fat milk-TBS—0.01% Tween-20

buffer. The membranes were probed with the following primary antibodies;

anti-Serca2a, 1/1000 (Abcam, Cambridge, Cambridgeshire, UK) and anti-NCX,

1/5000 (Alpha Diagnostic, San Antonio, TX, USA). Tubulin was used as the

loading control (anti-a tubulin, 1/2000; Abcam). Horseradish peroxidase-

conjugated anti-rabbit secondary antibody (Chemicon, Temecula, CA, USA)

was subjected to enhanced chemiluminescence solution (ECLplus, Amersham

Biosciences, Buckinghamshire, UK). We quantified the relative protein expres-

sion in separate samples from the membranes using Fluorescent Image

Analyzer (Fujifilm, Tokyo, Japan). The measurements were repeated three

times, and the data were presented as means±s.e.m. of these experiments.

Biochemical determinations and statistics
Urinary albumin was measured by enzyme-linked immunosorbent assay using

rat albumin as a standard (Calltrend, Luckenwalde, Germany). Creatinine and

electrolytes from the plasma and urine as well as plasma lipids and liver

enzymes were measured by routine techniques. Plasma samples were analyzed

for levosimendan and OR-1896 by liquid chromatography-tandem mass

spectrometry. Data are presented as mean±s.e.m. Statistically significant

differences in mean values were tested by ANOVA (analysis of variance) and

Newman–Keul’s post hoc test. The differences were considered significant when

Po0.05. The Kaplan–Meier test was used for survival analysis.

RESULTS

Survival time in dTGR
Only 5 out of 20 (25%) of untreated dTGRs survived until the age 8
weeks; levosimendan partially prevented Ang II-induced cardiovascu-
lar mortality in dTGR (survival rate 11/15, 73%) (Po0.05). In the
separate survival study, a lifelong levosimendan treatment begun at
age 4 weeks increased the mean survival time in dTGR by 58% (mean
survival time in levosimendan-treated dTGR 59.6±12.6 days, 95%
confidence interval: 34.8–84.3 days vs. mean survival time in untreated
dTGR 37.7±8.3 days, 95% confidence interval: 21.5–53.9; log-rank
test P¼0.004). Levosimendan also increased median survival time by
27% (33±3.4 days, 95% confidence interval: 26.4–39.6 days vs.
26±0.7 days, 95% confidence interval: 24.5–27.5; log-rank test
P¼0.004) (Figure 1).

Cardiac function and cardiac dimensions
Levosimendan increased EF (Figure 2a) and FS (Figure 2b) both in
dTGRs and SD rats. There was no difference in EF or FS between rat
strains at the age 8 weeks. Color Doppler imaging showed increased
isovolumic relaxation time in dTGRs as compared with SD rats
(26.7±1.4 vs. 20.3±2.4 ms, Po0.05), indicating impaired diastolic
relaxation in dTGRs. Levosimendan did not correct Ang II-induced
diastolic dysfunction in dTGR (isovolumic relaxation time
27.1±1.2 ms, P40.05). Effects of levosimendan treatment on echo-
cardiographic cardiac dimensions are given in Table 1.

Blood pressure, heart rate, cardiac hypertrophy and levosimendan
dosage
Levosimendan did not influence the development of severe hyperten-
sion or influence heart rate in dTGRs (Figures 3a and b). In SD rats,
levosimendan did not affect blood pressure or heart rate (terminal
systolic blood pressure and heart rate in levosimendan-treated SD rats
127±3 mm Hg and 392±12 b.p.m., respectively, vs.132±3 mm Hg
and 389±5 b.p.m. in SD controls, P40.05). Levosimendan did not
prevent Ang II-induced cardiac hypertrophy or influence cardiac mass
in SD rats (Figures 3c and d). The average daily dosage of levosi-
mendan was 1.04±0.03 mg kg�1 in dTGRs (range: 0.9–1.15) and
1.1±0.05 mg kg�1 in SD rats (range: 0.73–1.3) (Figure 3e). Terminal
plasma levosimendan concentrations in dTGRs were 5.5±1.2 ng ml�1,
and the level of OR-1896, the stable metabolite of levosimendan, was

31.7±5.6 ng ml�1. In SD rats treated with levosimendan, plasma
levosimendan and OR-1896 concentrations averaged 7.6±3.1 and
43.4±5.2 ng ml�1, respectively.

Cardiac morphology and cardiac ANP mRNA expression
Levosimendan treatment partially prevented Ang II-induced coronary
and myocardial damage (Figures 4a and b). Ang II-induced cardiac
ANP mRNA overexpression was decreased by 56% in levosimendan-
treated dTGRs (Po0.05) (Figure 4c). Representative photomicro-
graphs of cardiac morphology from SD rats and untreated dTGRs
are given (Figures 4d and e).

Cardiac a-MHC, b-MHC, MCP-1, Bax and PGC-1a mRNA
expressions
There was no difference between the treatment groups in cardiac
a-MHC or b-MHC mRNA expression (Figures 5a and b). Levosi-
mendan produced a non-significant 31% decrease in b-MHC in
dTGRs, and a 51% decrease in SD rats (Figure 5b). Cardiac MCP-1
expression was increased five-fold in dTGRs as compared with SD rats
(Figure 5c). Levosimendan did not influence Ang II-induced MCP-1
mRNA overexpression. Cardiac Bax mRNA expression was slightly
increased in dTGRs as compared with SD rats (Student’s t-test
Po0.05) (Figure 5d). Levosimendan did not influence cardiac Bax
mRNA expression in dTGRs or SD rats. There was no difference
between the treatment groups in the cardiac mRNA expression of the
mitochondrial biogenesis marker PGC-1a (Figure 5e).

Cardiac SERCA2a and NCX protein expressions
Cardiac SERCA2 and NCX protein expressions were lower in dTGR
compared with SD rats (Figures 6a and b). Levosimendan did not
influence SERCA2 or NCX expression in dTGRs, but increased cardiac
SERCA2 in SD rats.

Serum electrolytes, creatinine, liver enzymes and renal morphology
Levosimendan did not influence serum biochemical markers in
dTGRs or SD rats (Table 2). The renal lesions of dTGRs ranged
from a slight thickening of the arteries and tubular dilatation with

Figure 1 Survival curve of follow-up experimental period until the natural

death event of dTGR and dTGR+Levo. The log-rank test was used to

compare the Kaplan–Meier survival curves with each other. Levosimendan

was administered orally through drinking fluid at the daily dosage of

1 mgkg�1. The dTGR denotes double transgenic rats harboring human

renin and angiotensinogen genes, dTGR+Levo—dTGR medicated with

levosimendan. Means±s.e.m. are given, n¼20 in each group. Log-rank test

P¼0.004.
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Figure 2 Bar graphs showing the effects of levosimendan 4-week treatments on heart functions (a) EF and (b) FS. Abbreviations: dTGR+Levo denotes dTGR

treated with levosimendan; SD+Levo denotes SD rats treated with levosimendan. Means±s.e.m. are given, n¼10–14 in each group. *Po0.05 compared

with dTGR; #Po0.05 compared with dTGR+Levo; yPo0.05 compared with SD.

Table 1 Effects of 4-week levosimendan treatment on cardiac function measured by echocardiography in dTGRs and SD rats

Variable dTGR (n¼14–15) dTGR+levosimendan (n¼13–14) SD (n¼10) SD+levosimendan (n¼10) ANOVA (P-value)

LVESD 3.064±0.2200 0.970±0.0796* 3.12±0.2294 # 2.434±0.2196* # y Po0.0001

LVEDD 6.936±0.1293 6.137±0.2928* 7.108±0.1410 # 6.988±0.1545 # P¼0.0049

IVS (d), mm 2.454±0.07687 2.735±0.1332 1.836±0.04840* # 1.876±0.06300* # Po0.0001

PW (d), mm 2.389±0.06099 2.611±0.1211 1.804±0.08352* # 1.739±0.03466* # Po0.0001

EDV, ml 0.7679±0.03863 0.5779±0.05838* 0.8180±0.04572 # 0.7810±0.04608 y P¼0.0039

ESV, ml 0.09429±0.01988 0.002857±0.00125* 0.1150±0.02339 # 0.0460±0.009214* y Po0.0001

HR, b.p.m. 337.5±5.736 350.0±7.653 388.6±4.689* # 391.8±11.78* # Po0.0001

Abbreviations: dTGR, double transgenic rats harboring human renin–angiotensinogen genes; dTGR+Levo, dTGR treated with levosimendan; HR, heart rate; IVS, interventricular septum; LVEDD, left
ventricle end-diastolic dimension; LVESD, left ventricle end-systolic dimension; PW, posterior wall; SD, Sprague–Dawley rats; SD+Levo, SD rats treated with levosimendan.
Means±s.e.m. are given, n¼10–15 in each group.
*Po0.05 vs. dTGR; #Po0.05 vs. dTGR+Levo; yPo0.05 vs. SD.

Figure 3 Bar graphs showing the effects of levosimendan 4-week treatments on (a) systolic blood pressure and (b) heart rate development in dTGR and

dTGR treated with levosimendan (c) cardiac hypertrophy calculated as heart weight to body weight ratio (d) cardiomyocyte cross-sectional area (e) average

weekly levosimendan doses calculated from water consumption during the 4-week experimental period. For abbreviations, see Figure 2. Means±s.e.m. are

given, n¼10–20 in each group. *Po0.05 compared with dTGR; #Po0.05 compared with dTGR+Levo.
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proteinaceous casts to diffuse arterial and glomerular necrosis with
tubular atrophy/regeneration (Figures 7a and b). Levosimendan
did not significantly influence kidney morphology (Figures 7c–e),
albuminuria (Figure 7f) or 24-h urinary excretion rates of sodium,
potassium, calcium, phosphorus or creatinine clearance (data
not shown).

DISCUSSION

The use of existing inotropic agents is hampered by poor prognosis
due to drug-induced increase in intracellular calcium concentration,
induction of cardiac arrhythmias, activation of maladaptative Ca2+-
dependent signaling cascades and increase in myocardial oxygen
consumption.7 We explored whether levosimendan would improve

Figure 4 Bar graphs showing the effects of the 4-week levosimendan treatment on (a) coronary damage, (b) myocardial damage, (c) ANP mRNA expression,

representative photomicrographs of cardiac morphology from untreated SD (d) and dTGR (e). H&E staining to 4-mm-thick paraffin-embedded sections.
Original magnification �200. For abbreviations, see Figure 2. Means±s.e.m. are given, n¼8–10 in each group. *Po0.05 compared with dTGR; #Po0.05

compared with dTGR+Levo.

Figure 5 Bar graphs showing the effects of 4-week levosimendan treatment on myocardial mRNA expression of (a) a-MHC, (b) b-MHC, (c) MCP-1 (d) Bax

and (e) PGC-1a. For abbreviations, see Figure 2. Means±s.e.m. are given, n¼8–10 in each group. *Po0.05 compared with dTGR; #Po0.05 compared with

dTGR+Levo.

Levosimendan and Ang II-induced heart failure
A Biala et al

1008

Hypertension Research



Figure 6 Bar graphs showing the effects of 4-week levosimendan treatment on myocardial protein expression of (a) Serca2 and (b) NCX-1. For abbreviations,

see Figure 2. Means±s.e.m. are given, n¼8–10 in each group. *Po0.05 compared with dTGR; #Po0.05 compared with dTGR+Levo; yPo0.05

compared to SD.

Table 2 Effects of 4-week levosimendan treatment on serum electrolytes, creatinine and liver enzymes in dTGRs and SD rats

Variable dTGR (n¼7–10) dTGR+levosimendan (n¼6–7) SD (n¼7–8) SD+levosimendan (n¼10) ANOVA (P-value)

S-K (mmol l�1) 6.6±0.21 5.9±0.1 6.6±0.2 6.3±0.1 P¼0.0491

S-Na (mmol l�1) 140.3±2.1 145.0±1.1 144.9±1.1 146.5±0.5* P¼0.0142

S-Cl (mmol l�1) 91.4±1.8 98.00±1.4* 101.9±0.8* 103.4±0.6* # Po0.0001

S-Creatinine (mmol l�1 l) 60.1±6.3 58.6±10.7 56.5±3.2 49.8±0.8 P¼0.5659

s-ALT (Units l�1) 56.9±2.9 55.7±4.0 63.1±1.9 62.4±2.2 P¼0.1901

s-AST (IU l�1 l) 197.7±27.4 203.3±55.6 128.1±5.2 130.0±9.3 P¼0.1251

s-ALP (Units l�1) 331.0±42.6 345.7±39.4 181.7±11.2* # 187.2±7.2* # P¼0.0004

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; dTGR, double transgenic rats harboring human renin–angiotensinogen genes; dTGR+Levo,
dTGR treated with levosimendan; SD, Sprague–Dawley rats; SD+Levo, SD rats treated with levosimendan.
Means±s.e.m. are given, n¼6–10 in each group.
*Po0.05 vs. dTGR, #Po0.05 vs. dTGR+Levo.

Figure 7 Representative photomicrographs of the renal morphology in (a) SD, (b) dTGR rats and bar graphs showing the effects of 4-week levosimendan

treatment on kidney assessed as (c) kidney artery damage, (d) glomerular damage, (e) tubular damage and (f) albumin excretion values. H&E staining to

4-mm-thick paraffin-embedded sections. Original magnification �200. Means±s.e.m. are given, n¼5–10 in each group. *Po0.05 compared with dTGR;
#Po0.05 compared with dTGR+Levo.
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cardiac function and survival in dTGR, a model of Ang II-induced
hypertensive heart failure. The important findings in our study were
that levosimendan increased mean survival time by almost 60% and
median survival time by 30% in dTGR. The beneficial effects of
levosimendan on life span were blood pressure-independent and were
mainly related to improved cardiac function, as measured by increased
EF and FS. Levosimendan also ameliorated Ang II-induced cardiac
ANP mRNA overexpression and cardiac damage.

Heart failure with preserved systolic function is pathophysiologi-
cally characterized by cardiomyocyte hypertrophy and cardiac fibrosis,
leading to diastolic stiffness and abnormal relaxation filling of the LV.4

Wellner et al.23 showed with tissue Doppler measurements that peak
early (Ea) to late (Aa) diastolic expansion was reduced in dTGRs,
consistent with terminal heart failure from diastolic dysfunction. The
animals also showed pronounced cardiomyocyte hypertrophy, pre-
served systolic function, increased matrix protein expression, down-
regulation of several genes encoding mitochondrial respiratory chain
and lipid metabolism, as well as distinct patterns in the expression
profile of genes encoding transcription factors, coagulation, cardiac
remodeling, immune system and metabolic pathways.23 In very good
agreement with Wellner et al.,23 we observed remarkable cardiovas-
cular mortality of dTGRs at the age of 8 weeks and also found diastolic
dysfunction by Doppler imaging. In a separate study, we very recently
observed distinct patterns of cardiac substrate utilization and
mitochondrial dysfunction in dTGRs.27

Recently, Koudouna et al.28 showed that levosimendan improved
the initial outcome of cardiopulmonary resuscitation in an experi-
mental model of cardiac arrest. We found that lifelong levosimendan
treatment was associated with a 58% increase in mean survival time
and a 27% increase in median survival time. Levosimendan did not
decrease blood pressure or increase heart rate. These findings suggest
that the beneficial effect of levosimendan was largely blood pressure
independent. Levosimendan improved systolic ventricular function
measured as increased EF and FS through mechanisms likely to be
related to calcium sensitization. However, levosimendan did not
correct Ang II-induced diastolic dysfunction in dTGRs. Improved
cardiac function at systole in levosimendan-treated dTGRs was
associated with partial protection against Ang II-induced cardiomyo-
cyte and vascular damage, as well as decreased pressure/volume load
imposed to the heart as indicated by the 56% decrease in cardiac ANP
mRNA expression. As the levels of natriuretic peptides correlate with
increased end-diastolic pressure and left ventricular wall tension, our
findings suggest that levosimendan was able to decrease myocardial
tension and the degree of cardiac overload in dTGRs. This effect may
have led to improved microcirculation in the heart. In very good
agreement with our data, other investigators found that levosimendan
and its metabolite OR-1896 elicit a substantial vasodilation and an
increase in nitric oxide production in the coronary and skeletal muscle
arterioles by activating voltage-sensitive, calcium-activated and ATP-
sensitive potassium channels.29–31 This response to levosimendan
could partly be prevented by the K(ATP) channel blockers.29–31

Moreover, in an in vivo rat model of coronary ischemia–reperfusion,
levosimendan decreased infarct size markedly through the K(ATP)
channel-dependent pathway, whereas the PDE-III inhibitor enoxi-
mone did not cause any infarct size reduction.32 Thus, the role of PDE
inhibition as a mediator of the beneficial effects of levosimendan
found in this study remains unclear. The lack of any effect of
levosimendan on heart rate supports the notion that PDE-III inhibi-
tion might have had only a minor role in our animal model. None-
theless, the levosimendan-induced increase in SERCA2 expression that
we observed in our SD rats could suggest an involvement of PDE-III

inhibition. Cardiac SERCA2 expression has been shown to be upre-
gulated by increased cellular cAMP levels.33 Further studies are thus
warranted to examine the influence of PDE-III inhibition, for exam-
ple, with milrinone treatment, on survival and target-organ damage in
this particular animal model.

Ang II triggers inflammatory response and exerts direct proinflam-
matory effects in part by blood pressure-independent mechanisms
related to activation of the redox-sensitive transcription factors
nuclear factor-kB and AP-1, as well as oxidative stress.34–36 We showed
recently that oral levosimendan ameliorated inflammatory responses,
exerted antiapoptotic effects and prevented cardiomyocyte senescence
in Dahl/Rapp salt-sensitive rats and in spontaneously diabetic Goto-
Kakizaki rats with postinfarction heart failure.17,18 Sareila et al.37

recently reported that levosimendan downregulated nuclear factor-kB-
dependent transcription, decreased inducible nitric oxide synthase
promoter activity, inducible nitric oxide synthase expression and nitric
oxide production using macrophages and fibroblasts exposed to
inflammatory stimuli. Therefore, we examined cardiac MCP-1
mRNA expression in our animal model. Surprisingly, levosimendan
did not ameliorate Ang II-induced inflammatory response or exert
antiapoptotic effects in dTGRs. Although levosimendan is known to
also act on mitochondrial ATP-sensitive potassium channels, we did
not notice any drug-induced effect on cardiac PGC-1a mRNA
expression, a widely used marker of mitochondrial biogenesis.
Moreover, levosimendan was unable to ameliorate Ang II-induced
renal damage as assessed by 24-h albuminuria, creatinine clearance or
tissue morphology.

We believe our findings could have clinical relevance. Our study is
the first to show that levosimendan can improve cardiac function and
survival in a model of Ang II-induced hypertensive heart failure. The
fact that the effects were blood pressure independent suggests local
pharmacological effects. The combined inotropic and local vasodila-
tory actions could have resulted in an increased force of contraction,
decreased preload and decreased after load in our model. Moreover, by
also opening the mitochondrial (ATP)-sensitive potassium channels in
cardiomyocytes, the drug could have exerted a cardioprotective and
apparently also an anti-inflammatory effect.
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