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Abstract

Background In chronic heart failure (CHF), cachexia is a
hallmark of the terminal stage of this disease and is associ-
ated with a severely reduced quality of life and poor prog-
nosis. Therapeutic options are currently not available.
Ghrelin and its analogues BIM-28125 and BIM-28131
(now known as RM-131) have been shown to increase
weight in a rat model of CHF. It has been further demon-
strated that the expression of myostatin, a negative regulator
of skeletal muscle mass, is increased in CHF. The aim of the
study was to investigate the influence of ghrelin or its
analogues on myostatin in CHF.
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Methods In an animal model of CHF, Sprague—Dawley rats
received either ghrelin or two ghrelin analogues BIM-28125
and BIM-28131 in two different concentrations (50 and 500
nmol/kg/day) compared to placebo. The compounds were
delivered using osmotic mini pumps. The expression of
myostatin was analyzed in skeletal muscle by RT-PCR and
Western blot, and muscle mass of gastrocnemius muscle
was measured. The plasma levels of tumor necrosis factor
alpha (TNF-«) were measured.

Results The relative weight of the gastrocnemius muscle of the
sham-operated group was significantly increased compared to
placebo-treated CHF rats. The application of ghrelin analogue
BIM-28125 and BIM-28131 in their higher concentrations led
to a significant reduction in myostatin mRNA expression in
comparison to placebo. Myostatin protein expression was sig-
nificantly reduced in both concentrations of ghrelin and BIM-
28131 and in the lower concentration of BIM-28125. The
increase of TNF-« plasma concentration in the CHF-animals
could be abolished by all used substances.

Conclusions In an animal model of CHF, the expression of
myostatin is significantly reduced in the skeletal muscle
after application of ghrelin and most concentrations of its
analogues BIM-28125 and BIM-28131 possibly due to anti-
inflammatory effects.

Keywords Myostatin - Ghrelin - Chronic heart failure -
Cachexia - Muscle wasting - TNF-

1 Introduction

In western countries, chronic heart failure (CHF) is one of the
most common causes of death, and more than 50 % of patients
diagnosed with CHF will die within 5 years. Cardiac cachexia,
which occurs in approximately 15 % of these patients,
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shortens this period to 18 month [1]. Cachexia is a wasting
disorder which affects not only fat but also lean muscle mass.
By definition, a nonoedematous weight loss of more than 5 %
over a period of 3—12 months characterizes this catabolic state
[2]. So far, therapeutic options are eagerly expected, but no
alleviating agent has been found yet.

Myostatin, a key regulator of skeletal muscle mass and a
member of the transforming growth factor-f family is in-
creased in a number of cachectic states [3—5]. Cell culture,
animal, and human studies have demonstrated increased
concentrations in CHF possibly driven by proinflammatory
cytokines like TNF-a which return to baseline levels by
endurance exercise training [6, 7]. Furthermore, systemic
administration of this negative growth regulator leads to
muscle wasting in mice [8]. It is found predominantly not
only in skeletal but also in heart muscle [9, 10].

Ghrelin is a 28-amino acid hormone whose discovery
was based on the ability for it to bind to the growth hormone
secretagogue receptor la (GHSR-1a) in the hypothalamus
and stimulate growth hormone release [11]. Growth hor-
mone (GH) and insulin-like growth factor 1 (IGF-1) are
important physiological regulators of myocardial growth
and performance [12]. Patients with CHF show typically
elevated serum levels of GH and normal to decreased cir-
culating levels of IGF-1 [13, 14], but decreased IGF-1 levels
in the skeletal muscle. This indicates a pathological GH/
IGF-1 axis which potentially contributes to the syndrome of
cachexia. Treatment of catabolic states and cachexia with
ghrelin has demonstrated promising results [15—18]. Human
clinical trials conducted with native ghrelin in patients with
cardiac cachexia demonstrate increases in appetite, weight,
and cardiac output without apparent toxicity [15]. In a
previous study, it could be shown that ghrelin and the related
analogues BIM-28125 and BIM-28131 (now known as RM-
131) induced weight gain in an animal model of CHF. BIM-
28131 seemed to be superior in inducing a balanced weight
gain of fat and lean tissue while normalizing the expression
of muscle ring finger 1 and muscle atrophy F-box [19]. To
our knowledge, it is yet undiscovered if ghrelin has any
effects on myostatin. The present study was therefore con-
ducted to assess the regulation of myostatin in this animal
model of ligation of the left anterior descending coronary
artery (LAD) after the application of ghrelin and its ana-
logues BIM-28125 and BIM-28131.

2 Methods

2.1 Rat model of CHF, necropsy, and measurement
of gastrocnemius muscle

Male Sprague-Dawley rats underwent LAD ligation to induce
myocardial infarction or were sham operated (Harlan
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Winkelmann, Borchen, Germany). Sham operation consisted
of a thoracotomy and cardiac exposure without LAD ligation.
Surgery was performed as described in detail by Palus et al.
[19]. A scheme of the study design is outlined in Fig. 1. The
mortality rate was 31 % after 24 h. Two weeks after the
operation, diuretics were added to the drinking water (furose-
mide 86 mg/l). Four weeks after the operation, the animals were
randomized in seven treatment groups (n=18 each). Rats were
given either placebo (CHF placebo), human ghrelin, or one of
the ghrelin compounds BIM-28125 and BIM-28131 at 50 or
500 nmol/kg/day (IPSEN Pharmaceuticals, Milford, MA, USA)
via osmotic mini pumps (Charles River, Sulzfeld, Germany).
Sham animals received placebo (n=14). The pumps which were
implanted subcutaneously on the back had to be replaced on the
42nd day. Animals were sacrificed on the 56th day and had to be
excluded when the infarct size of the left ventricle was less than
25 % (n=5). The harvested gastrocnemius muscle was weighted
and immediately snap frozen in liquid nitrogen and stored at
—80 °C. The investigation conforms 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).
The local ethics committee (Landesamt fiir Gesundheit und
Soziales Berlin, Germany, permit number G 0116/05) accepted
the experimental protocols.

2.2 Quantification of muscle weight

The weight of the gastrocnemius muscle was calculated as a
relative weight to the length of the tibia to avoid interindivid-
ual confounders. Tibia length was measured via ultrasound.

2.3 Quantification of myostatin mRNA

Total RNA was isolated from gastrocnemius muscle tissue
using RNeasy (Qiagen, Hilden, Germany). An aliquot of
total RNA was reverse-transcribed into cDNA using random
hexamers and Sensiscript reverse transcriptase (Qiagen, Hil-
den, Germany). For quantitative RT-PCR, 1 pl of the cDNA
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Fig. 1 Scheme of the study design
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was used applying the LightCycler system (Roche Diagnos-
tics Inc.). For the detection of myostatin, specific primers
and internal probes were used. The expression of specific
genes was normalized to the expression of 18S rRNA. The
following primers and conditions were used:

18S rRNA (5'-ATACAGGACTCTTTCGAGGCCC-3, 5'-
CGGGACACTCAGCTAAGAGCAT-3"; 61 °C annealing),
myostatin (5'-GTCTTCACATCAATACTCTGCCA-3', 5'-
CATGCCTACCGAGTCTGACTT-3"; 55 °C annealing), and
myostatin probes (5'-LC640-GTGCAAATCCTGAGACT
CATCAAACCCATG-PH-3', 5>-GAGAGCCGTCAAGACT
CCTACAACAGTGT-FL-3").

2.4 Quantification of myostatin protein expression

Frozen tissue samples were homogenized in lysis buffer
[20] and Western blot analysis was performed as de-
scribed previously [21]. Myostatin protein expression
was quantified using specific antibodies (R&D Systems,
Heidelberg, Germany). To compensate for blot-to-blot
variations, an internal standard was loaded on each
SDS—polyacrylamide gel, and the densitometry results
were expressed as the ratio between the sample and
the standard intensity. Loading differences were con-
trolled by reprobing the blot with an antibody against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
HyTest, Turku, Finland). All samples were analyzed in
duplicate.

2.5 Quantification of plasma TNF-o

Plasma levels of TNF-o« were measured by high-sensitivity
ELISA assay (Holzel Diagnostika, K6ln, Germany). Results
were compared with standard curves, and the lower detec-
tion limit for TNF-& was <10 pg/ml with an inter- and intra-
assay variability <8 %.

2.6 Statistical analysis

Values are given as mean = SEM for all variables. Inter-
group comparisons were performed with a one-way

Fig. 2 Relative weights of the 750 -
gastrocnemius muscle to the
length of the tibia. Sham-
operated animals show signifi-

cant higher relative weight of 500 -

their gastrocnemius muscle
compared to placebo-treated
CHF rats. Values are depicted
as meanstSEM. *p<0.05 vs.
placebo-treated CHF rats

Relative weight of
gastrocnemius muscle [mg]

250 -

ANOVA followed by a Tukey post hoc test using GraphPad
InStat version 3.01 software. A probability value of <0.05
was considered statistically significant.

3 Results
3.1 Gastrocnemius muscle weight

Measurement of the gastrocnemius muscle revealed no
differences between the placebo-treated rats and animals
which received ghrelin and ghrelin analogues although
there was a trend toward higher muscle mass especially
in the high-dose compounds (Fig. 2). As expected, the
weight of the gastrocnemius muscle of the sham-
operated group was significantly increased compared to
CHF placebo-treated rats (504.4+32.9 mg vs. 470.9+
38.7 mg, p<0.05; Fig. 2).

3.2 Expression of myostatin mRNA in the gastrocnemius
muscle after induction of heart failure

In rats treated with higher doses of the ghrelin analogues
BIM-28125 and BIM-28131, the mRNA transcription of
myostatin was significantly reduced compared to CHF
placebo-treated animals (0.033+0.007 and 0.038+0.008,
respectively, vs. 0.106+0.015 arbitrary units, p<0.05;
Fig. 3). As expected sham-operated animals had significant-
ly lower levels of mRNA compared to the CHF placebo
group (0.041+£0.008 vs. 0.106+£0.015 arbitrary units,
p<0.05).

3.3 Expression of myostatin protein in the gastrocnemius
muscle after induction of heart failure

Myostatin protein expression was with one exception
(BIM-28125 500 nmol/kg/day) significantly downregu-
lated in animals receiving ghrelin or ghrelin analogues
in different concentrations in comparison to placebo-
treated animals (BIM-28125 50 nmol/kg/day 0.72+0.06,
»<0.001; BIM-281231 50 nmol/kg/day 1.22+0.12, p<0.01;

Sham Placebo

E CHF Placebo

[] BIM 28125, 50nmole/kg/d
[] BIM 28125, 500nmole/kg/d
[ BIM 28131, 50nmole/kg/d
[ BIM 28131, 500nmole/kg/d
[l Ghrelin, 50nmole/kg/d

W Ghrelin, 500nmole/kg/d
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Fig. 3 Regulation of myostatin
mRNA in gastrocnemius -
muscle after induction of CHF =
by myocardial infarction. Both _2 0.1
analogues BIM-28125 and &
BIM-28131 were able to reduce 5
mRNA expression significantly 2 -
in the high-dose application 0 T
(500 nmol/kg/day) in compari- g X ]
son to placebo-treated CHF < 0.05— —1— * sham Placebo
rats. The values are depicted as £ T * & CHF Placebo
ratio over the expression of 18S S % T L] BIM 28125, 50nmole/kg/d
rRNA. Results are depicted as % / S g:m gg:gf :ggrnrzgz(/;%d
means+SEM. *p<0.05 vs. 3 N '
placebo-treated I(JI;IF rats § % il BIM 2_8131' 500nmole/kg/d
= / [l Ghrelin, 50nmole/kg/d
0 % l Ghrelin, 500nmole/kg/d

BIM-28131 500 nmol/kg/day 1.26+0.13, p<0.05; ghrelin
50 nmol/kg/day 1.15+0.12, p<0.01; ghrelin 500 nmol/kg/day
1.24+0.17, p<0.05; all vs. CHF placebo 2.03+0.2 arbitrary
units; Fig. 4).

As seen on mRNA level, sham-operated animals had signif-
icantly lower myostatin concentrations compared to the CHF
placebo group (1.25+0.19 vs. 2.03+0.2 arbitrary units, p<0.05).

3.4 Plasma TNF-« concentration after induction
of heart failure

TNF-o« concentration in the plasma increased signifi-
cantly in the CHF placebo group compared to the sham
placebo animals (15.81£0.93 vs. 5.69+0.28 arbitrary
units, »p<0.001). This impact of CHF induction on
TNF- concentration was completely abolished in all
groups treated with either ghrelin or its analogues
(Fig. 5).

*%

Myostatin-protein expression [arb. units]

N\\\gE

Fig. 4 Regulation of myostatin protein in gastrocnemius muscle after
induction of CHF by myocardial infarction. Apart from BIM-28125
500 pg, all other components including ghrelin decreased myostatin
protein concentration in skeletal muscle significantly in comparison to
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4 Discussion

Cardiac cachexia is a devastating complication of CHF
associated with high morbidity and mortality rates.
Myostatin, a negative regulator of muscular growth, is
upregulated in cachexia [3—7]. Ghrelin, a potent stimu-
lator of growth hormone, has demonstrated positive
effects in cachectic states [15—18]. However, the influ-
ence of ghrelin on myostatin is unknown at this mo-
ment and was therefore investigated in this study. Three
important messages emerge from this study: First, as a
proof of concept, it could be shown that 8 weeks after
myocardial infarction, muscle wasting is detectable in
this animal model. Second, ghrelin and the ghrelin
analogues BIM-28125 and BIM-28131 significantly re-
duced the expression of myostatin on protein levels.
Third, in CHF animals, TNF-« is downregulated to
baseline levels due to treatment with all investigated
substances.

Sham Placebo

B CHF Placebo

[J BIM 28125, 50nmole/kg/d
[J BIM 28125, 500nmole/kg/d
] BIM 28131, 50nmole/kg/d
[ BIM 28131, 500nmole/kg/d
[l Ghrelin, 50nmole/kg/d

B Ghrelin, 500nmole/kg/d

placebo-treated CHF rats. The values are depicted as ratio over the
expression of GAPDH. Results are depicted as means+SEM. ***p<
0.001, **p<0.01, and *p<0.05 vs. placebo-treated CHF rats
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Fig. 5 Concentration of TNF- 20 —
« in the plasma of sham and
CHF animals. Results are
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[] BIM 28125, 50nmole/kg/d
[] BIM 28125, 500nmole/kg/d
[ BIM 28131, 50nmole/kg/d
[ BIM 28131, 500nmole/kg/d
[ Ghrelin, 50nmole/kg/d

B Ghrelin, 500nmole/kg/d

4.1 The role of myostatin in skeletal muscle in CHF
and cachexia

The first report on myostatin in CHF published by Shyu and
colleagues showed an upregulation of myocardial myostatin
mRNA and protein in a rat model of volume-overload heart
failure induced by an aortocaval shunt. Assessment of the
cross-sectional area of the semimembranous muscle in the
rat hind limb revealed skeletal muscle wasting in five of
eight animals with volume overload CHF [22]. This finding
was supported by an animal study of ischemic cardiomyop-
athy where a significant increase in myostatin protein ex-
pression in heart and skeletal muscle was observed after
LAD ligation. Interestingly, these effects could be reversed
by 4 weeks of exercise training on a treadmill [6]. Recently,
it could be demonstrated in a clinical trial that late-stage
heart failure patients express significantly higher levels of
myostatin which were also reversible by exercise endurance
training over 4 weeks [7].

4.2 The role of ghrelin in CHF and cachexia

While endogenous ghrelin levels are increased in the setting
of cachexia [23], treatment with ghrelin and other GHSR-1a
agonists in animal models of cachexia and in humans with
cachexia has demonstrated consistent effects of increased
appetite and improved weight gain [24]. The GH-releasing
effect of ghrelin has been shown to be more potent than that
of GH-releasing hormone [25]. As in other terminal diseases
underlying cachexia, administration of ghrelin and ghrelin
agonists in animal models of CHF has been shown to
improve accrual of lean mass, fat mass, and body weight
several fold vs. placebo over 3—4 weeks of treatment periods
[26, 27]. In a report by Nagaya and coworkers, it has been
proven that only a 3-week administration led to a significant
increase in left ventricular ejection fraction, exercise capac-
ity, and muscle wasting in patients with CHF [15]. Growth
hormone and IGF-dependent mechanisms resulting in a
decrease in LV-wall stress as well as an increase in lean

mass and muscle strength were believed to be responsible
for this improvement.

4.3 The possible relationship between myostatin, ghrelin,
GH, and IGF

In the setting of CHF, there are increased circulating ghrelin
levels on one side, reduced levels of IGF-1 [28], and ele-
vated myostatin levels in the skeletal muscle on the other
side [7]. This catabolic situation within the skeletal muscle,
which progresses untreated to cachexia so far, can only be
reversed by a few interventions like exercise training [7, 29].
It has been shown that chronic ghrelin administration
increases circulating levels of IGF-1 [27, 30]. But the
stimulatory effect of ghrelin or ghrelin receptor agonists
on the GH-IGF-1 system does not last very long. It has
been postulated that ghrelin is not physiologically in-
volved in the regulation of GH, since circulating levels
of ghrelin are not correlated with those of GH either in
physiological or in pathological conditions [31]. The
explanation of the discrepancy between the GH-IGF-1
system and ghrelin are the so-called GH-independent
and pleiotropic effects like protection of the heart from
ischemia—reperfusion damage [32, 33].

Another pleiotropic effect of ghrelin and ghrelin receptor
agonists is its influence on anti-inflammatory cytokines
[34]. This anti-inflammatory effect does not depend on
pituitary GH secretion which has been proven in cell culture
experiments with endothelial or immune cells [35, 36]
where ghrelin or ghrelin receptor agonists were able to
decrease cytokine production. GH in contrast has a stimula-
tory effect on cytokine activity [37].

In the present study, we could demonstrate that myostatin
decreases after therapy with ghrelin or ghrelin analogues.
On mRNA level, only the highest concentrations of the two
ghrelin analogues led to significantly reduced myostatin
which underlines the dose-dependent effect and supports
the hypothesis that posttranscriptional and posttranslational
modifications are responsible for the significant changes on
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protein level. The reason why BIM-28125 500 nmol/kg/day
did not decrease the myostatin protein expression levels at
the large dose is not entirely understood. Although there was
a potent effect on myostatin mRNA, myostatin protein was
not diminished. One possible explanation could be an im-
pact of BIM-28125 on myostatin inhibitors in higher con-
centrations which might be downregulated leading to higher
myostatin protein concentrations. Alternatively, BIM-28125
could have direct effects on the myostatin translation rate in
higher concentrations.

The impact of ghrelin and its analogues BIM-28125 and
BIM-28131 on myostatin seems to be another pleiotropic
effect of ghrelin. One possible explanation for the myostatin
downregulation could be the above-mentioned reduction of
TNF-« level. This is supported by a previous study, which
demonstrated significantly increased levels of myostatin
mRNA and protein levels after incubation of C2C12 myo-
cytes with TNF-« via NF-kB and p38 MAPK activation [6].
In the gastrocnemius muscle of CHF animals, TNF-«
mRNA levels were significantly higher compared with con-
trols, which is in agreement with previously published data
[38]. Furthermore, there was a significant correlation be-
tween these raised TNF-« levels and myostatin concentra-
tion, supporting the hypothesis of a relationship between
TNF-« and myostatin. To evaluate the anti-inflammatory
effect of ghrelin and its analogues in the present study,
plasma TNF-« levels were measured. Interestingly, the sig-
nificant rise of TNF-o in CHF rats was blunted completely
by all investigated substances underlining the anti-
inflammatory capacity of ghrelin as well as BIM-28125
and BIM-28131. Although the direct pathway of myostatin
stimulation by ghrelin and its analogues BIM-28125 and
BIM-28131 is still undiscovered, the anti-inflammatory po-
tential could be one plausible explanation.

In summary, the induction of CHF led to a significant
loss of relative weight of the gastrocnemius muscle and to
an increase in myostatin protein expression. Administration
of ghrelin and its analogues BIM-28125 and BIM-28131
significantly reduced these levels back to baseline values.
This beneficial anticatabolic effect could involve the anti-
inflammatory potential of ghrelin which needs further
investigation.
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