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Effects of the calcium sensitizer OR-1896, a
metabolite of levosimendan, on post-infarct heart
failure and cardiac remodelling in diabetic
Goto-Kakizaki rats

Marjut Louhelainen’, Saara Merasto!, Piet Finckenberg', Erik Vahtola', Petri Kaheinen',
Jouko Levijoki* and Eero Mervaala'

Unstitute of Biomedicine, Pharmacology, University of Helsinki, Helsinki, Finland, and *>Orion Pharma Ltd, Espoo, Finland

Background and purpose: Levosimendan is a novel, short half-life calcium sensitizer used as pharmacological inotropic
support in acute decompensated heart failure. After oral administration, levosimendan is metabolized to OR-1855, which, in
rats, is further metabolized into OR-1896. OR-1896 is a long-lasting metabolite of levosimendan sharing the pharmacological
properties of the parent compound.

Experimental approach: Effects of oral OR-1896 treatment on post-infarct heart failure and cardiac remodelling were assessed
in diabetic Goto—Kakizaki (GK) rats, an animal model of type Il diabetes. Myocardial infarction (MI) was produced to GK rats
by coronary ligation. Twenty-four hours after Ml or sham operation, the rats were randomized into four groups: (i) Ml; (ii) Ml
+ OR-1896 treatment; (iii) sham; and (iv) sham + OR-1896. Cardiac function and markers of cardiac remodelling were assessed
1, 4 and 12 weeks after M.

Key results: OR-1896 increased ejection fraction and fractional shortening in GK rats with MI. OR-1896 ameliorated post-
infarct cardiac hypertrophy, and prevented the Ml-induced increase in cardiac mRNA for atrial natriuretic peptide, monocyte
chemoattractant protein-1 and connective tissue growth factor, markers of pressure/volume overload, inflammation and
fibrosis respectively. OR-1896 also suppressed mRNA for senescence-associated p16™“* and p19%. The beneficial effects of
OR-1896 were more prominent at week 12 than at week 4. OR-1896 did not influence systolic blood pressure, blood glucose
level, myocardial infarct size or cardiovascular mortality.

Conclusions and implications: Oral treatment with calcium sensitizer OR-1896 protects against post-infarct heart failure and
cardiac remodelling in experimental model of type Il diabetes.
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Introduction

Calcium sensitizers comprise a novel class of positive ino-
tropic agents that may possess potential advantages for the
treatment of acute decompensated heart failure, compared
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with conventional cardiotonic drugs (Endoh, 2008). The
calcium sensitizer levosimendan has been shown to reduce
peripheral vascular resistance, and enhance the contractility
of the failing heart, without significantly increasing myocar-
dial oxygen uptake (Innes and Wagstaff, 2003). The cardio-
vascular effects of levosimendan are mediated mainly by
two mechanisms of action: (i) calcium sensitization via
binding to the Ca*-saturated troponin C (cTnC) in cardi-
omyocytes; and (ii) opening of the ATP-sensitive potassium
channels on the sarcolemma and mitochondria (Haikala
etal.,, 1995, Bowman etal., 1999; Sorsa etal., 2001;



Kopustinskiene et al., 2004;0zdem et al., 2006; du Toit et al.,
2008).

Levosimendan has a short elimination half-life of approxi-
mately 1 h in humans (Sandell et al., 1995) and 0.7 h in rats
(Orion Pharma, unpubl. info). The circulating active metabo-
lites OR-1855 and OR-1896 are formed slowly. In rats,
OR-1855 is very extensively and rapidly transformed into
OR-1896. OR-1896 has a longer elimination half-life than the
parent compound levosimendan (elimination half-life of
OR-1896 is 75-78 h in humans, 6.5 h in rats). It has been
shown previously that OR-1896 exhibits haemodynamic
effects similar to those of levosimendan. OR-1896 has been
shown to act as a calcium sensitizer to elicit vasodilatation,
and to inhibit PDE III in vitro (Takahashi et al., 2000; Taka-
hashi and Endoh, 2002; Szilagyi et al., 2004; Erdei et al., 2006;
Banfor et al., 2008; Segreti et al., 2008). Hence, it is evident
that the long-term cardiovascular effects after short-term levo-
simendan administration are attributed also to its long-lived
metabolite OR-1896.

The present study aimed at exploring the effects of OR-1896
in the treatment of post-infarct heart failure and cardiac
remodelling. As diabetes is a well-known risk factor for fatal
myocardial infarction (MI) and development of heart failure,
we investigated the cardiovascular effects of long-term oral
OR-1896 therapy in an experimental model of MI and type II
diabetes, the spontaneously diabetic Goto-Kakizaki (GK) rat
(Galli et al., 1999) with MI produced by ligation of the left
descending coronary artery.

Methods

Experimental animals and experimental MI

All animal care and experimental protocols conformed to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication no.
85-23, revised 1996), and were approved by the Animal
Experimentation Committee of the University of Helsinki,
Helsinki, Finland, and the Provincial State Office of Southern
Finland (approval number STU 1187 A). Experimental MI was
produced by ligating the left anterior descending (LAD) coro-
nary artery in 8-week-old spontaneously diabetic GK rats (M
& B, Ejby, Denmark) as previously described (Palojoki et al.,
2001a) under ketamine (65 mg-kg™, i.p.) and medetomidine
(0.5 mg-kg™, i.p.) anaesthesia. Long-acting insulin (1 IU/rat)
was given 2 h before anaesthesia to prevent hyperglycaemia.
Buprenorphine (0.02 mg-kg™' s.c.) was given twice a day for
two consecutive days as the post-operative analgaesia.
Twenty-four hours after surgery, MI and sham-operated GK
rats were randomized into four groups: (i) GK rat with MI (n
=21); (ii) GK rat with OR-1896 (n = 16); (iii) GK rat with sham
operation (n = 16); and (iv) GK rat with sham operation and
OR-1896 (n = 12). Half of the rats in each study group were
killed 4 weeks post-MI, and the remaining rats 12 weeks
post-MI. As vasodilation and thus decreased peripheral resis-
tance may influence cardiac functions measured at systole, we
also investigated in a separate experiment the haemodynamic
effects of angiotensin receptor antagonist valsartan
(30 mg-kg! per os for 4 weeks) GK rats with MI (n = 6 GK rats
with MI, n = 6 GK rats with MI treated with valsartan).
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OR-1896 was given in drinking water (0.5 mg-L™) to produce
an approximate daily dose of 40 ug-kg™'. The OR-1896 dosage
was chosen based on the plasma OR-1896 levels detected after
oral levosimendan administration in our previous experi-
ments (Levijoki et al., 2001; Louhelainen et al., 2007; 2009).

Blood pressure measurement and sample preparation

Systolic blood pressure was measured using a tail cuff blood
pressure analyser (Apollo-2AB Blood Pressure Analyzer, model
179-2AB, IITC Life Science, Woodland Hills, CA, USA) at
weeks 1, 4 and 12. Rats were anaesthetized with CO,/O, (AGA,
Riihimaki, Finland), and decapitated. Blood samples were col-
lected for biochemical measurements using EDTA as an anti-
coagulant. The hearts were excised, washed with ice-cold
saline, blotted dry, weighed and snap-frozen in liquid nitro-
gen or isopentane (-35°C). All samples were stored at —-80°C
until assayed.

Infarct size, cardiac hypertrophy and cardiomyocyte
cross-sectional area

For histological analysis, the hearts were fixed in 10% buffered
formalin solution. The infarct sizes were determined plani-
metrically from paraffin-embedded 5um thick Masson’s
trichrome-stained  histological sections as previously
described (Pfeffer et al., 1979; Palojoki et al., 2001b). Conven-
tional light microscopy at x400 magnification was used to
determine cardiomyocyte cross-sectional area as previously
described (Vahtola et al., 2008).

Echocardiography

Transthoracic echocardiography (Toshiba Ultrasound, Tokyo,
Japan) was performed 1, 4 and 12 weeks after MI on all rats
under isoflurane anaesthesia (AGA), without knowledge of
the treatments, by the same technician as previously
described (Louhelainen et al., 2007; Vahtola et al., 2008).

C-kit and p16™** immunohistochemistry

C-kit-positive stem cells were identified from sections from
paraffin-embedded heart samples, immunostained by stan-
dard ABC technique using c-kit polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) with antigen
retrieval.

Immunoperoxidase staining for the senescence marker
pl6™* was performed using 5 um frozen sections. Primary
monoclonal p16™“* antibody (Santa Cruz Biotechnology)
and peroxidase-conjugated rabbit anti-mouse secondary
antibody (DAKO A/S, Glostrup, Denmark) were used.
3-Amino-9-ethylcarbazole was added to yield a red reaction
product, and finally the sections were slightly counter-
stained in Mayer’s haemalum (Merck, Darmstadt, Germany),
blued in tap water.

Quantitative real-time RT-PCR
Total RNA from rat hearts was collected with Trizol (Gibco,
Invitrogen, Carlsbad, CA, USA), treated with DNAse 1
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(deoxyribonuclease 1, Sigma Chemicals Co., St Louis, MO,
USA) and reverse transcribed to cDNA by reverse transcription
enzyme (Im-Prom-II reverse trascription system, Promega,
Madison, WI, USA). One microlitre of cDNA was subjected to
quantitative real-time PCR using the LightCycler instrument
(Roche Diagnostics, Neuilly-sur-Seine, France) for detection of
atrial natriuretic peptide (ANP) (Heyen et al., 2002), connec-
tive tissue growth factor (CTGF), vascular endothelial growth
factor (VEGF), nuclear receptor NR4a3, monocyte chemoat-
tractant protein-1 (MCP-1), p16™** (Bastide et al., 2008),
p19*% (Bastide et al., 2008), transcription factor E2F-5, nuclear
respiratory factor 1 (NRF-1), transcription factor A, mitochon-
dria (TFAM), PPARy coactivator-1 (PGC-1), sarco-/
endoplasmic  reticulum  Ca*-ATPase 2a  (SERCA2)
(Louhelainen et al., 2007), sodium/calcium exchanger (NCX)
(Louhelainen et al., 2007) and ribosomal 18S (Wellner et al.,
2005) mRNA. The following primers were used: CTGF forward
GGCAGGGCCAACCACTGTGC, reverse CAGTGCACTTGC-
CTGGATGG; VEGF forward GCGAGGCAGTTGAGT, reverse
GGCGAATCCAGTTCCACG; NR4a3 forward AGCatTGGGT-
GACTCGat, reverse AACACGGAATGTTGAACCGTA; MCP-1
forward GCAGGTCTCTGTCACGCTTCT, reverse GGCT-
GAGACAGCACGTGGAT; E2F-5 forward GGACCAATCCAT-
GTGC, reverse AGGAGACAGCCGTAAG; NRF-1 forward
GCACCGTGTCGCTCAT, reverse GCTTGCGTCGTCTGGAT;
TFAM forward AGACCTCGGTCAGCATATAACA, reverse
GCGACGGATGAGATCACTT; PGC-1 forward GGTCCCCAG-
GCAGTAG, reverse CTCCatCatCCCGCAG.

The samples were amplified using FastStart DNA Master
SYBR Green 1 (Roche Diagnostics) according to the protocol
of the manufacturer.

Biochemical analyses

Blood glucose was determined with a hand-held test meter
(Contour, Bayer Diabetes Care, Basel, Switzerland), plasma
renin activity (PRA; angiotensin I RIA kit, Diasorin, Saluggia,
Italy), serum aldosterone (Coat-a-Count Aldosterone RIA Kit,
DPC Biermann, Bad Nauheim, Germany) and serum insulin
(rat insulin RIA kit, Linco, St Charles, MO, USA) were deter-
mined by radioimmunoassay according to the manufacturers’
instructions. Plasma samples were analysed for OR-1896 by
liquid chromatography-tandem mass spectrometry (Kivikko
etal., 2003).

Statistical analyses

Data are presented as means * SEM. Statistically significant
differences in mean values were tested by ANOvA and Bonfer-
roni’s post hoc test for comparisons of multiple groups. The
differences were considered significant when P < 0.05.

Materials

Valsartan and medetomidine were from Orion Pharma,
Espoo, Finland; buprenorphine was from Schering-Plough,
Brussels, Belgium; long-acting insulin was from Novo Nordisk
A/S, Bagsvaerd, Denmark; and ketamine was from Pfizer Ltd,
Helsinki, Finland.
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Results

MI, blood pressure and echocardiography

Mortality for MI during the first 24 h prior to randomization
was 60%. During follow-up period, only seven rats died (three
sham, three MI and 1 MI + OR-1896), mostly in the early
weeks after operation. There were no differences in infarct size
between the MI groups measured by planimetry; the average
infarct size was 32%. Compared to sham-operated rats, MI
resulted in 15 and 25 mm Hg lower blood pressure 1 and 4
weeks after the operation, respectively (Figure 1A). Oral treat-
ment of OR-1896 had no effect on blood pressure in GK rats
with MI, whereas in sham-operated GK rats OR-1896
decreased blood pressure by approximately 30 mm Hg at
weeks 4 and 12 after a modest and transient increase in blood
pressure found 1 week after the operation. Heart rate in GK
rats with MI was lower than in sham-operated GK controls.
OR-1896 increased heart rate in GK rats with MI, whereas
heart rate in sham-operated GK rats was not influenced by
OR-1896 treatment (Figure 1B).

Baseline echocardiography values before operations were
taken from six GK rats, and data from these measurements are
given in Table 1. In GK rats after MI, serial echocardiography
measurements taken at weeks 1, 4 and 12 revealed severe
post-infarct systolic heart failure measured by decreased ejec-
tion fraction and fractional shortening (Figure 1C,D; Table 2).
Oral OR-1896 treatment improved ejection fraction and frac-
tional shortening, more obviously at the end of the follow-up
period. In sham-operated GK rats, OR-1896 increased ejection
fraction and fractional shortening at week 1, but not at week
4 or 12.

Cardiomyocyte hypertrophy

MI induced cardiac hypertrophy measured by heart weight/
body weight ratio (Figure 2A and C) and cardiomyocyte cross-
sectional area (Figure 2B and D). OR-1896 treatment
decreased MI-induced cardiac hypertrophy. OR-1896 also pre-
vented MI-induced increase in cardiomyocyte cross-sectional
area; however, this effect was statistically significant only at
week 12 (Figure 2D). In sham-operated GK rats, OR-1896 did
not influence cardiac hypertrophy, but it slightly decreased
cardiomyocyte cross-sectional area at the end of the follow-up
period.

Expression of neurohumoral, inflammatory and fibrotic markers
Expression of mRNA for ANP was increased by threefold after
MI (Figure 3A). Oral OR-1896 prevented MI-induced increase
in cardiac ANP mRNA expression. OR-1896 reduced ANP
mRNA expression in sham-operated GK rats. MCP-1 mRNA
expression was measured as a marker of oxidative stress-
induced inflammation. MCP-1 mRNA expression was
increased by 3.5-fold in GK rats with MI (Figure 3B). OR-1896
treatment prevented MI-induced increase in cardiac MCP-1
mRNA expression.

MI induced permanent rise in the mRNA expression of
CTGE a potent profibrogenic growth factor acting down-
stream of transforming growth factor-f1 (Figure 3C). OR-1896
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Effects of OR-1896 treatment on blood pressure (A), heart rate (B), ejection fraction (C) and fractional shortening (D) in

spontaneously diabetic GK rats 1, 4 and 12 weeks after MI or sham operation. MI: GK rats with acute MI, Ml + OR-1896; GK rats with Ml and
oral OR-1896 treatment; sham: GK rats with sham operation, sham + OR-1896; GK rats with sham operation and oral OR-1896 treatment.
Means = SEM are given, n = 6-12 in each group. *P < 0.05 when compared MI versus sham, #P < 0.05 Ml versus MI + OR-1896, §P < 0.05
Ml versus sham + OR-1896, %P < 0.05 sham versus Ml + OR-1896, &P < 0.05 sham versus sham + OR-1896, °P < 0.05 MI + OR-1896 versus

sham + OR-1896. All comparisons were made to age-matched animals.

Table 1 Baseline cardiac functions measured by echocardiography
in spontaneously diabetic GK rats before Ml

Variable GK rat
IVS (d), mm 1.48 = 0.07
LVD (d), mm 712 0.2
LVW (d), mm 1.87 £ 0.09
EDV, mL 0.83 = 0.06
ESV, mL 0.17 = 0.02
EF, % 79.8 £ 1.86
FS, % 44.0 = 2.02
CO, mL-min™' 2125214
HR, beats-min™ 331 = 14
BP, mm Hg 142 = 2.9

Data in the table are means + SEM, n = 6 in each group.

d, diastolic; IVS, interventricular septum; LVD, left ventricular diameter; LVW,
left ventricular wall; EDV, end diastolic volume; ESV, end systolic volume; EF,
ejection fraction; FS, fractional shortening; CO, cardiac output; HR, heart rate.

prevented Ml-induced increase in cardiac CTGF mRNA
expression. In sham-operated GK rats, OR-1896 tended to
decrease cardiac MCP-1 and CTGF mRNA expressions;
however, these differences did not reach statistical difference.

Neither MI nor OR-1896 influenced cardiac SERCA2 or NCX
mRNA expression in GK rats (Figure 4).

VEGF, NR4a3 and E2F-5 mRNA expression

Cardiac VEGF, NR4a3 and E2F-5 mRNA expressions were
increased only at the late stage of post-infarct cardiac remod-
elling (Figure 5A, C and D). OR-1896 prevented MIl-induced
increases in cardiac VEGF, NR4a3 and E2F-5 mRNA expres-
sions, but did not influence their expression in sham-operated
GK rats.

Cardiomyocyte senescence

MI induced a permanent increase in myocardial p19** mRNA
expression, while p16™“* mRNA expression was significantly
up-regulated only at late stage of post-infarct remodelling
(Figure 6A and B). Oral OR-1896 treatment normalized myo-
cardial p19** mRNA expression and prevented up-regulation
of myocardial p16™“4; p16™“* was also detected by immu-
nohistochemistry in cardiomyocytes and fibroblasts.

Mitochondrial biogenesis markers

Cardiac mRNA expressions of PGC, NRF-1 and TFAM were
measured as markers of mitochondrial biogenesis. MI signifi-
cantly induced NFR-1 mRNA expression 12 weeks post-MI,
while similar trend towards increased expressions was seen
also with PGC-1 and TFAM (Figure 7A-C). OR-1896 prevented
MI-induced changes in the mitochondrial biogenesis markers.

British Journal of Pharmacology (2010) 160 142-152
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Table 2 Echocardiographic parameters in GK rats measured 1, 4 and 12 weeks after Ml

Variable GK MI GK MI + OR-1896 GK sham GK sham + OR-1896 anova
1 week 1 week 1 week 1 week P value
CO, mL 122.6 = 14.0 255.1 + 23.8& 185.8 = 17.7* 252.6 = 22.4%# <0.0001
ESV, mL 1.4 +0.02 0.67 = 0.2*& 0.14 + 0.02* 0.01 + 0.005* <0.0001
LVD, (d) mm 9.5+0.2 8.4 + 0.5*& 6.7 = 0.1* 6.1 = 0.2*# <0.0001
Variable GK MI GK MI + OR-1896 GK sham GK sham + OR-1896 anova
4 weeks 4 weeks 4 weeks 4 weeks P value
CO, mL 158.7 = 34.0 199.2 = 41.2 221.1 £ 16.7 232.1 +22.2 0.081
ESV, mL 1.8 +0.2 0.67 + 0.24* 0.15 + 0.05* 0.16 = 0.02* <0.0001
LVD, (d) mm 10.3 0.3 8.5 = 0.5*# 6.7 = 0.3* 6.9 = 0.18*# <0.0001
Variable GK MI GK MI + OR-1896 GK sham GK sham + OR-1896 anova
12 weeks 12 weeks 12 weeks 12 weeks P value
CO, mL 228.4 +21.9 355.4 = 30* 321.2 = 23.71* 251.5 +45.3 0.0048
ESV, mL 1.44 = 0.3 0.70 = 0.25 0.22 = 0.03* 0.12 + 0.02& <0.0001
LVD, (d) mm 9.3 +0.7 10.0 = 0.6 7.9 +0.2* 7.0 £ 0.31*# 0.0006

OR-1896 was given orally at a daily dose of 0.5 mg-kg™".
Data in the table are means = SEM; n = 6-17 in each group.
*P < 0.05 compared to GK MI.

&P < 0.05 compared to GK sham.

#P < 0.05 compared to GK MI + OR-1896.

s, systolic; d, diastolic; EF, ejection fraction; FS, fractional shortening; CO, cardiac output; ESV, end systolic volume; LVD, left ventricular diameter.
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Figure 3 Effects of oral OR-1896 treatment on myocardial mRNA expressions of ANP (A), MCP-1 (B) and CTGF (C) in spontaneously diabetic
GK rats 4 and 12 weeks after Ml or sham operation. Abbreviations for experimental groups as in Figure 1. Means = SEM are given, n = 6-12
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Figure 4 Effects of oral OR-1896 treatment on mRNA expression of calcium handling proteins, SERCA2 and NCX, in spontaneously diabetic
GK rats 4 and 12 weeks after Ml or sham operation. Abbreviations for experimental groups as in Figure 1. Means = SEM are given, n = 6-12

in each group.

Cardiovascular effects of vasodilation by valsartan in GK rats
with MI

In GK rats with MI, valsartan decreased blood pressure by
30 mm Hg (systolic blood pressure 93 1 vs. 124 +
2 mm Hg, P < 0.0001). However, 4 weeks of treatment with
valsartan did not influence cardiac function measured as ejec-
tion fraction (33.9 = 6.8 vs. 22.7 = 2.7%, P = 0.32) or frac-
tional shortening (20.1 = 6.0 vs. 9.4 = 2.3%, P = 0.095).
Valsartan-induced decrease in blood pressure was associated
with amelioration of post-infarct cardiac hypertrophy (heart
weight-to-body weight ratio 3.9 = 0.2vs. 5.6 = 0.3 mg-g', P=
0.011). In GK rats with MI, valsartan reduced cardiac MCP-1
(MCP1-to-18S mRNA ratio 0.34 £ 0.07 vs. 0.14 = 0.02, P =
0.04) and CTGF (CTGF-to-18S mRNA ratio 0.12 * 0.02 vs.
0.038 £ 0.003, P = 0.002) mRNA expressions, but did not
influence cardiac ANP mRNA expression (ANP-to-18S mRNA
ratio (P = 0.09) or expression of p16™ (P = 0.32).

Biochemical analyses
Data from biochemical and hormonal analyses are presented
in Table 3. Neither MI nor OR-1896 treatment influenced

PRA, blood glucose or serum insulin. The average terminal
plasma concentration of OR-1896 in OR-1896-treated rats was
20.1 = 2.0 ng-mL™.

Discussion

Levosimendan is a calcium sensitizer used primarily in the
management of acute heart failure, and more recently also in
patients with ischaemic heart disease and cardiogenic or
septic shock (Nieminen et al., 2009). The long-term effects of
calcium sensitizers are still largely unknown at the moment.
The aim of this study was to investigate the cardiovascular
effects of orally administered OR-1896 in experimental heart
failure. Using LAD ligation and spontaneously diabetic GK
rats as model of type 2 diabetic post-infarct heart failure, we
here demonstrated that OR-1896 improved systolic function
after MI, and effectively ameliorated post-infarct cardiomyo-
cyte hypertrophy and cardiac remodelling.

Levosimendan is currently used only as a 24 h systemic
infusion to improve the symptoms of acute decompensated

British Journal of Pharmacology (2010) 160 142-152
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GK rats 4 and 12 weeks after Ml or sham operation. (B) A section of GK rat heart with MI, stained for c-kit. Abbreviations for experimental
groups as in Figure 1. Means = SEM are given, n = 6-12 in each group. *P < 0.05 when compared to age-matched GK MI.
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Figure 6 Effects of oral OR-1896 treatment on myocardial senescence markers p16™“ (A) and p19*% (B) in spontaneously diabetic GK rats
4 and 12 weeks after Ml or sham operation. Abbreviations for experimental groups as in Figure 1. Means = SEM are given, n = 6-12 in each
group. *P < 0.05 when compared to age-matched MI, **P < 0.05 when compared MI 4 weeks to MI 12 weeks.

heart failure. In a very recent PERSIST study, the effects of oral
levosimendan treatment were investigated in patients suffer-
ing from severe chronic heart failure (Nieminen et al., 2008).
Although oral levosimendan did not decrease cardiovascular
mortality, an improvement in quality of life and a persistent
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reduction in plasma brain natriuretic peptide level were
reported (Nieminen et al., 2008). We have shown recently
that oral levosimendan treatment improves survival and ame-
liorates hypertension-induced cardiac remodelling in Dahl
salt-sensitive rats (Louhelainen efal.,, 2007), and prevents
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Figure 7 Effects of oral OR-1896 treatment on mRNA expression of mitochondrial biogenesis markers PGC-1 (A) NRF-1 (B) and TFAM (C) in
spontaneously diabetic GK rats 4 and 12 weeks after MI or sham operation. Abbreviations for experimental groups as in Figure 1. Means = SEM
are given, n = 6-12 in each group. *P < 0.05 when compared to age-matched MI.

Table 3 Biochemical and hormonal parameters in spontaneously diabetic GK rats 4 and 12 weeks after Ml

Variable GK MI GK MI + OR-1896 GK sham GK sham + OR-1896 anova

4 weeks 4 weeks 4 weeks 4 weeks P value
Blood glucose, mmol-L™"! 6.5+ 0.5 7.8 £0.5 7.5*0.3 8.9 +0.9 0.041
Serum insulin, ng-mL™" 2.7+03 2.1 +0.2 3.1 0.3 24+04 0.125
PRA, ng-mL"-h™" 23+0.3 23+0.3 3.4*0.6 22+04 0.190
Variable GK MI GK MI + OR-1896 GK sham GK sham + OR-1896 anova

12 weeks 12 weeks 12 weeks 12 weeks P value
Blood glucose, mmol-L™' 8.2+0.7 7.8 0.5 8.4 x09 8.3x0.5 0.090
Serum insulin, ng-mL™' 33*0.6 29+03 22*+0.2 1.9+1.2 0.077
PRA, ng-mL™"-h" 1.9 +0.2 24 +04 2.1 +0.5 1.7 £0.3 0.554

OR-1896 was given orally at a daily dose of 0.5 mg-kg™". Data in the table are means = SEM, n = 5-11 in each group.

post-infarct heart failure in spontaneously diabetic GK rats
(Louhelainen et al., 2009). It is believed that the cardiovascu-
lar effects of chronic levosimendan treatment are mediated to
a great extent by the pharmacologically active and long-
lasting metabolite OR-1896. Therefore, we tested the hypoth-
esis whether beneficial cardiovascular effects, similar to those
of the parent compound, could be achieved by oral treatment
with OR-1896 alone. The dosage of OR-1896 used in the
present study was selected to produce a plasma OR-1896
concentration, comparable to those reported after oral and
intravenous levosimendan treatments (Antila efal., 2007;
Louhelainen et al., 2007; 2009).

In the present study, oral OR-1896 improved systolic func-
tion after MI and post-infarct cardiac remodelling assessed as
cardiomyocyte hypertrophy, as well as gene markers of
cardiac pressure/volume overload, inflammation, fibrosis and
cellular senescence. These findings indicate that OR-1896-
induced calcium sensitization and opening of the ATP-
sensitive potassium channels display distinct time profiles in
our animal model. Surprisingly, OR-1896 did not decrease
cardiovascular mortality. However, it should be emphasized
that the cardiovascular mortality in our experimental diabetic
myocardial infarct model occurred also almost completely
during the first 24 h after the operation, whereas OR-1896
treatment was started 24 h after operation. In the present

study, the follow-up time lasted only until 12 weeks, and we
noticed only minor cardiovascular mortality in GK rats with
MI during this time period. Hence, the short duration of our
study could also explain, at least in part, the lack of any effect
by OR-1896 on cardiovascular mortality after MI. Consistent
with our present results, levosimendan did not influence car-
diovascular mortality or myocardial infarct size in GK rats
when given 24 h after MI (Louhelainen et al., 2009).
Premature senescence has been linked to several pathologi-
cal conditions, such as MI and type 2 diabetes (Sharpless and
DePinho, 2007; Melzer, 2008) Activation of the senescence
marker p16™“* has recently been shown to be linked to
hypertensive heart disease (Westhoff efal., 2008) and to
diabetes-induced excess reactive oxygen species production
(Rota et al., 2006). In good accordance with previous findings,
MI induced clear, age-dependent senescent response in GK
rats. In the present study, we showed that despite of being
encoded in same locus, p19*% and p16™“* show strikingly
different expression profiles during post-infarct cardiac
remodelling, indicating separate roles in response to cardiac
trauma and ageing. Myocardial expression of p19** mRNA
was induced immediately after MI, with most prominent
expression at early weeks of post-infarct remodelling. On the
contrary, p16™** mRNA expression was induced by several
folds at later stages of post-infarct cardiac remodelling.
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Interestingly, Baker et al. (2008) very recently reported the
attenuating role of p19*" in senescence and ageing, indicat-
ing that p19*" functions as a protective factor to alleviate
MI-induced trauma. Based on the later activation of p16™*
mRNA expression during post-infarct cardiac remodelling, it
appears that pl16™“* is activated rather by diabetes-
aggravated ageing than by MI alone. Similarly, MI induced a
significant rise in expression of transcription factor E2F-5,
which has been shown to be a key downstream mediator for
pl6™“Ainduced G1 arrest (Gaubatz et al., 2000; Ohtani et al.,
2003). Interestingly, oral OR-1896 treatment was able to com-
pletely normalize mRNA expression of both p19** and
pl6™** and also E2F-5. The mechanism of this suppression
of senescence signalling is unclear, but it could have been
mediated via reduced oxidative stress. MI resulted in a signifi-
cant increase in the mRNA expression of VEGF and NR4a3
(Liu et al., 2003; Martinez-Gonzalez and Badimon, 2005).
Interestingly, NR4a3 has been shown to control MCP-1
expression, and modulate inflammatory responses, which
could explain the reduced senescence signalling as a response
to improved inflammatory status (Pols et al., 2007).

Accumulating evidence suggests that congestive heart
failure is associated with alterations in energy metabolism
and mitochondrial function. Garnier et al., (2003) reported
recently depressed mitochondrial transcription factors and
oxidative capacity in the failing rat heart. To explore mito-
chondrial biogenesis in post-infarct heart failure, we analysed
the mRNA expressions of transcription factors such as TFAM,
PGC-1o and NRF-1 in the heart. Interestingly, we found a
statistically significant increase in the expression of myocar-
dial NRF-1 12 weeks after MI. We also noticed a non-
significant increase both in PGC-lo. and TFAM mRNA
expressions in diabetic post-infarct rat heart. In line with our
findings, Sano and Fukuda, (2008) introduced very recently a
novel concept that mitochondrial biogenesis can in fact be
triggered by low levels of reactive oxygen species. Treatment
with OR-1896 prevented the MI-induced increase in mito-
chondrial biogenesis markers, thus supporting the notion
that OR-1896 may exert anti-inflammatory and/or antioxida-
tive properties.

Ejection fraction and fractional shortening are highly
dependent on afterload and systemic blood pressure. As
improvement of heart function and restoration of
Ml-induced alterations in cardiac gene expression profile
could thus be attributed to drug-induced decrease in blood
pressure and overall haemodynamics, we examined in a
separate experimental study the cardiovascular effects of the
angiotensin receptor antagonist valsartan, a widely used
antihypertensive agent, in GK rats with MI. We were able to
demonstrate, that valsartan decreased systolic blood pressure
in GK rats with MI by approximately 30 mm Hg. Valsartan-
induced decrease in blood pressure was associated with ame-
lioration of cardiac hypertrophy. However, valsartan
treatment did not significantly improve cardiac function,
measured as ejection fraction or fractional shortening. Our
findings thus suggest that the beneficial cardiac effects of
OR-1896 cannot be explained solely by drug-induced
decrease in systemic blood pressure and peripheral vascular
resistance. It should also be emphasized that in the present
study, OR-1896 did not decrease blood pressure in GK rats
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with MI, although it clearly decreased blood pressure in
sham-operated GK rats.

Type II diabetes predisposes to ischaemic heart disease, and
development of MI and heart failure. We showed previously
that diabetes-induced cardiac remodelling in GK rats was
associated with cardiac hypertrophy, systolic dysfunction and
increased apoptotic signalling (Vahtola ef al., 2008). Further-
more, we have demonstrated very recently (Louhelainen
et al., 2009) that levosimendan prevented post-infarct heart
failure and cardiac remodelling in diabetic GK rats, whereas
the beneficial effects of levosimendan were less pronounced
in non-diabetic Wistar rats after MI. Therefore, we selected
diabetic GK rats as a model of experimental heart failure for
the present study. Spontaneously diabetic GK rats exhibit
salt-sensitive hypertension and endothelial dysfunction (Galli
et al., 1999; Cheng et al., 2001). We have shown, using direct
blood pressure measurement with radiotelemetry, that sys-
tolic blood pressure in GK rats is slightly increased even when
kept on normal sodium diet as compared with their non-
diabetic Wistar controls (Cheng et al., 2001). The important
finding of the study was that after the initial elevation of
blood pressure due to increased cardiac output, OR-1896
decreased blood pressure in sham-operated GK rats. The blood
pressure-lowering effect of OR-1896 was associated with ame-
lioration of cardiac hypertrophy, whereas cardiac functions
measured by echocardiography remained unaltered by
OR-1896 at weeks 4 and 12. The beneficial effect of OR-1896
on cardiac hypertrophy was likely to have been mediated by
vasodilatation, and thus, decreased pressure load imposed to
the heart. Decreased myocardial ANP mRNA expression in
OR-1896-treated GK rats strongly supports this notion.

The present study has some limitations. Relatively small
sample size in each study group and testing of multiple study
groups render the present study susceptible to hyperinflation
error. As ejection fraction and fractional shortening are highly
dependent on systemic blood pressure, the present study
cannot distinguish whether the primary mechanism of action
leading to improvement of cardiac function and tissue pro-
tection after MI was due to OR-1896-induced vasodilation or
drug-induced positive inotropic effect. Measurement of dP/dt
or pressure-volume relationship would have been highly
valuable in clarifying the point. Finally, our study design did
not include echocardiography measurements after operations
and before randomization of the animals into the different
treatment groups. Therefore, further studies are warranted to
examine in detail the influence of OR-1896 on MI-induced
cardiac dysfunction during the first study week after the
operation.

In conclusion, classic positive inotropic agents provide
short-term haemodynamic improvement in patients with
heart failure, but their long-term use has been associated with
poor prognosis. OR-1896, the active and long-lasting metabo-
lite of levosimendan, exerts positive inotropic action via
calcium sensitization and a vasodilatory effect via activation
of the ATP-sensitive K*-channel. We here demonstrated that
oral treatment with OR-1896 prevents post-infarct heart
failure and cardiac remodelling in spontaneously diabetic GK
rats. The present study thus suggests a therapeutic role for oral
OR-1896 in the prevention of post-infarct heart failure and
cardiac remodelling in type 2 diabetes.
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