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Abstract We investigated the effects of exogenous ghre-
lin on energy levels and tissue histology in skeletal muscle
in experimentally lipopolysaccharide (LPS) induced septic
rats. Male Wistar albino rats 200-250 g were separated into
four groups; Control, LPS (5 mg/kg), Ghrelin (10 nmol/
kg i.v.), and ghrelin+LPS. Gastrocnemius muscle tissue
was taken and stained using modified Gomori trichrome
(MGT), succinic dehydrogenase (SDH), and cytochrome
oxidase (COX) and hematoxylin and eosin. In stained sec-
tions, histological score value was calculated according to
the intensity and the distribution for MGT, SDH and COX
stainings. Creatine, creatine phosphate, adenosine triphos-
phate (ATP), adenosine monophosphate (AMP) levels, and
the ratios of AMP/ATP and CreaP/ATP were investigated
using high performance liquid chromatography (HPLC) in
muscle tissue. Significances between experimental groups
were calculated with an analysis of variance (ANOVA) fol-
lowed by Tukey’s tests. Myopathic changes were seen in the
50% of rats in the LPS group as rounding of muscle fibers
and fiber size variation. In the ghrelin+LPS group, ghrelin
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treatment was reduced damage in skeletal muscle structure.
There was no change in creatine or AMP levels between
the groups. Ghrelin treatment significantly increased ATP
values (P<0.01) and improved tissue histology in septic
rats. Ratios of both AMP/ATP and CreaP/ATP were found
increased in the septic group, but there were decreaments
in both the ghrelin and ghrelin-treated septic groups. Ghre-
lin could play an important role in energy balance and mus-
cle morphology in skeletal muscle during sepsis.
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Introduction

Ghrelin is peptide hormone, a known endogenous ligand
of the growth hormone (GH) secretagogue receptor, prin-
cipally secreted from the stomach, has anti-inflammatory
activities (Takiguchi et al. 2015). It is known that ghre-
lin modifies the neuropeptide Y expressed in the arcuate
nucleus of the hypothalamus, and releases GH from the
pituitary gland. For this reason, ghrelin has an important
role in the regulation of energy balance. In organisms, ghre-
lin receptors has been demostrated commonly in peripheral
tissues (Albarran-Zeckler et al. 2013).

Sepsis is a serious complication after injury and surgi-
cal operations and remains a leading cause of death in sur-
gical intensive care units. Sepsis is a critical state that is
recognized by the release of inflammatory cytokines into
the blood stream against bacterial endotoxin. Sepsis causes
weakness and fatigue in muscle tissue due to increased
loss of myofibrillary proteins (Giannesini et al. 2009). In
particular, there are rapid changes in mitochondrial energy
production in skeletal and cardiac muscle due to impaired
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oxidative phosphorylation in skeletal muscles.(Vanasco
et al. 2008).

In septic conditions, exogenous ghrelin has been shown
to decrease the inflammatory response, improve blood
flow, and reduce tissue damage and mortality (Chang et al.
2003).

Understanding the mechanisms of sepsis-induced muscle
catabolism, therefore, has important clinical implications.

Severe sepsis elicits mitochondrial injury, dysfunction,
and depressed biogenesis in skeletal muscles. During the
initial phase of sepsis, these changes are manifested as
rapid increases in mitochondrial adenosine triphosphate
(ATP) production (Singer 2008). As a consequence of the
augmented oxidative phosphorylation that occurs during
this phase, significant increases in oxygen and nitrogen
radical production take place, which in turn trigger exten-
sive mitochondrial injury in skeletal and cardiac muscles
(Vanasco et al. 2008).

The initial phase of sepsis is usually followed by a sec-
ond phase where numbers of mitochondria and activities
of various mitochondrial enzymes in skeletal muscles are
significantly reduced, which renders cellular ATP produc-
tion more dependent on glycolysis (Callahan and Supinski
2005; Trumbeckaite et al. 2001).

Ghrelin has also been shown to modulate energy lipid
metabolism in nonfat tissues, including skeletal muscle
(Barazzoni et al. 2007).

Ghrelin-induced changes in muscle energy and lipid
metabolism were independent of changes in food intake,
thereby showing the emerging independent in vivo role of
ghrelin as a positive modulator of muscle mitochondrial
function in wasting disease conditions as well (Barazzoni
et al. 2005).

There are a few studies related with the effect of ghrelin
on energy levels during sepsis. In this study, the impact of
ghrelin on energy levels and tissue histology were evaul-
ated in skeletal muscle in septic rats.

Materials and Methods
Experimental Groups

This study was conducted at the Istanbul University Exper-
imental Research Center. The experimental protocol and
procedures were approved by the Istanbul University Ani-
mal Care and Use Committee (Resolution No: 2013/123).
In this study, male adult Wistar albino rats (200-250 g)
were divided into four groups, each composed of eight rats:
(1) control group, (2) LPS group, (3) ghrelin group, and (4)
ghrelin+LPS group. The animals were fed with a commer-
cial diet and tap water ad libitum, and housed in cages kept
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at a controlled temperature (22 +2 °C), humidity (55-60%),
with a 12-h light/dark cycle.

Experimental Procedures

The control group was injected with saline at Time 0. For
LPS group, Time 0, Rats were injected with LPS (5 mg/
kg in 1 mL of 0.9% NaCl) by i.v., Time 12 h LPS (5 mg/
kg in 1 mL of 0.9% NaCl) injected by i.p. For ghrelin
group, Time 0, ghrelin (10 nmol/ kg) was injected by 1i.v,
For ghrelin+LPS group, Time 0, LPS (5 mg/kg in 1 mL of
0.9% NaCl) by i.v and ghrelin (10 nmol/ kg) was injected
by i.v. Time 12 h, LPS (5 mg/kg in 1 mL of 0.9% NaCl)
injected by i.p.

All experimentally groups rats were decapitated time
24 h.

The rats were anesthetized with sodium pentothal
(i.p. 30 mg/kg). After rats were decapitated and the gastroc-
nemius muscle was extracted.

Neuropathologic Procedures

The gastrocnemius muscle was taken while the animals
were under anesthesia. The muscle samples were rap-
idly frozen in isopentane cooled by liquid nitrogen. We
took serial cryostat sections 8 pm thick and stained them
using the modified Gomori’s trichrome (MGT) method,
succinic dehydrogenase (SDH), and cytochrome oxidase
(COX) using standard protocols. The stained sections were
visualized and photographed using a Nikon microscope
(ECLIPSE 80i Nikon Corporation, JAPAN) (Engel and
Cunningham 1963; Tanji and Bonilla 2008). Both the inten-
sity and the distribution of specific MGT, SDH and COX
staining were scored. For each section, a histological score
(HSCORE) value was calculated the percentages of cells
that stained at each intensity, multiplied by the weighted
intensity of the staining [HSCORE=S Pi (i+ 1), where i
is the intensity score (0—4) and Pi is the corresponding per-
centage of the cells]; staining was scored as 0 =no staining,
I =weak staining, 2=middle staining, 3=dark staining,
4 =very dark staining.

Histologic Procedures

The gastrocnemius muscle was fixed in 10% buffered for-
malin and embedded in paraffin wax. Five-micrometer-
thick sections were placed on polylysine-coated slides and
stained using hematoxylin and eosin (H&E). The stained
sections were visualized and photographed under a light
microscope at 100X magnification (ECLIPSE 80i Nikon
Corporation, JAPAN).
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Measurement of Creatine, Creatine Phosphate,
and Adenosine Triphosphate, Adenosine Monophosphate

The gastrocnemius muscle samples were rapidly frozen
in isopentane cooled by liquid nitrogen and stored —80°C
until analysis.

Muscle tissue samples weighing 200 mg were homoge-
nized in 2 mL 0.42 M HCLO, using a homogenizer (Ultra-
turrax T25) for 30 s. A 1.0 mL supernatant was taken for
adjusting pH with 1.0 M K,HPO, after centrifugation at
3000 rpm for 5 min.

Creatine, creatine phosphate, ATP, Adenosine
monophosphate were evaluated using C18 colon (5 ,
250 mm X 4.6 mm, Nucleodur, USA) with isocratic elution
using a KOH/KH,PO, buffer (215 mM, pH 6.25), 3 mM
tetrabutylammonium phosphate, and 5% acetonitrile ion-
paired reverse-phase chromatography using high-pressure
liquid chromatography (HPLC) (Agilent 1100, USA) at
214 nm. Creatine, creatine phosphate, and adenine nucleo-
tides were calculated from their external standard curves
from different concentrations (Shellvold et al. 1986).

Control LPS

H&E

Fig. 1 Muscle tissue sections were stained experimental
groups with modified Gomori trichrome, cytochrome oxidase,
succinatedehydrogenase(A—L). Sections of muscle tissue from exper-

Statistical Analyses

Data were expressed as mean +standard deviation (SD).
Overall statistical significance between the groups was
tested with one-way ANOVA or the Kruskal-Wallis
test, depending on normality of distribution. In all cases,
P <0.05 was set as the limit of significance.

Results
Neuropathologic Results

Fifty percent of rats that were treated with LPS showed
myopathic changes, with rounding of muscle fibers and
fiber size variation. Stainings of SDH and COX were
observed to increased in LPS group (P<0.01). In the
ghrelin and ghrelin+LPS group there were no myopathic
changes, and the result of H-Score for MGT, SDH and
COX results were decreased in ghrelin+LPS group com-
pared to LPS group (P <0.05) (Fig. 1A-L; Table 1).

imental groups stained with H&E, X100 magnification. In image N;
white arrows indicate weak fibre boundaries and irregular—shaped
nuclei in the LPS group (M-P)
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Table 1 H-scores values for COX, MGT and SDH stainings of
experimental groups

Experimental groups COX MGT SDH
Control 32.2+10.63 19+6.52 34.2+9.2
LPS 122.2+33.75* 90.60+21.01*° 108.2+29.2%
Ghrelin 3824729  20.60+6.87 36.8+13.44
Ghrelin+LPS 38.6+7.34> 2924544 38+9.74°

2P <0.01 LPS vs. control, °P < 0.05 Ghrelin+LPS vs. LPS

Histologic Results

Using H&E staining, weak fiber boundaries and loss of
normal shape were seen in five animals of eight rats in the
muscle sections of LPS group. In the ghrelin-treated sep-
tic groups, the histologic appearance of the muscle fibers
was normal with no sign of injury, as with the controls
(Fig. IM-P).

Energy Results

There were no changes in values of creatine and adeno-
sine monophosphate (AMP) for the experimental groups
(P>0.05). Creatine phosphate levels were decreased in the
ghrelin group compared with the other groups (P <0.05).
ATP values were found lower in the LPS group than in the
other groups (P<0.01), AMP/ATP and CreaP/ATP ratios
were found increased in LPS group comparasion to other
group. (p<0.01) (Fig. 2A-F).

Discussion

Muscle dysfunction is a known critical feature of sepsis
and also major cause of multiorgan failure in patients in
intensive care units. In the literature, oxidative damage and
imbalances of bioenergetic metabolism shown as important
in sepsis. (Rocheteau et al. 2015).

Although skeletal muscle has marked regeneration in
response to septic conditions, it is not clear how the func-
tion of myofibrillary structure is affected in skeletal mus-
cle. Reduced oxidative phosphorylation and an increased
rate of reactive oxygen species have been indicated in
patients with sepsis and experimental septic models (Tiao
et al. 1997). Degraded myofibrillar proteins are taken up by
the ubiquitin—proteasome pathway in septic environments
(Hobler et al. 1998; Tiao et al. 1994).

There are a few studies related with the effects of ghrelin
on reducing muscle damage. We observed that treated with
LPS showed myopathic changes as rounding of the muscle
fibers and fiber size variation according to the results of his-
tological damage score. In the sections of H&E stainings, it
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was observed loss of normal shape in the majority of ani-
mals in the LPS group. In the ghrelin-treated septic groups,
the histologic appearance of the muscle fibers was normal
with no sign of injury, as with the controls.

In literature, Ghrelin treatment reduced myopathic
changes in muscle morphology and structure in patients
and experimentally-induced sepsis in animals (Hauptmann
et al. 1994; Chang et al. 2003).

In the present study, we studied the impact of ghrelin
on oxidative phosphorylation parameters and COX, SDH,
mitochondrial myopathy of muscle fibers in septic rats.

Sepsis results in impairments of glucose levels and
mitochondrial oxidative phosphorylation, and subsequent
synthesis of high-energy compounds such as creatine phos-
phate and ATP (Langhans et al. 2014).

Our previous study, glucose levels were found highly
decreased in the LPS group, but glucose levels were found
increased in the ghrelin-treated LPS group, the same as
the controls (Ates et al. 2017). In parallel with our study,
there are studies about improving of plasma glucose lev-
els by altering mitochondrial oxidative phosphorylation in
skeletal muscle in ghrelin-treated septic groups. Accord-
ing to this, grehlin behaved as a positive modulator dur-
ing in vivo treatment (Barazzoni et al. 2007). Ghrelin has
pleiotrophic effects on the regulation of energy metabolism
through control of hypothalamic AMP-activated protein
kinase (AMPK) (Kola 2008). In addition, it was shown that
ghrelin inhibited muscle protein degradation in rats with
induced thermal injury (Clark et al. 1984).

In our study, creatine phosphate levels were significantly
decreased in the ghrelin group. There are scarce stud-
ies about the effect of ghrelin on creatine phosphate level.
Ghrelin treatment may increase aerobic energy production.

In this study, there were no changes in creatine and
AMP levels among the experimental groups. ATP values
were significantly lower in the LPS group, whereas ghre-
lin treatment increased ATP levels. There were deficiencies
in the electron transport chain via reduced ATP production
in sepsis (Forget et al. 2000; Fink 2002; Chen et al. 2003;
Brealey and Singer 2003). Chang et al. showed that ghrelin
improved myocardial ATP levels in septic rats, and found
that the mortality rate was decreased in sepsis (Chang et al.
2003).

Fukushima et al. demonstrated a burn-induced sep-
sis model with which there was an elevated survival rate
with ghrelin treatment in BALB/C mice (Fukushima et al.
1999).

In cachexia or heart failure rats, plasma ghrelin’s effect
maintained energy balance by inhibiting catabolism and
increasing anabolism in pathophysiologic states. (Nagaya
et al. 2001.)

In our study, both AMP/ATP and CreaP/ATP ratios
were found increased in the septic group, but there were
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Fig. 2 Levels of creatine (A), creatine phosphate (B), ATP (C), and AMP (D), AMP/ATP ratio (E), CreaP/ATP ratio (F) in groups. *P <0.05
vs. other groups, **P <0.01 vs. other groups

decrements in both the ghrelin and ghrelin-treated septic ~ protein kinase (AMPK) in patients with sepsis (Zheng
groups. Zheng et al. reported that the cause of the incre- et al. 2014). Our findings related with decreased ratios of
ment ratio of AMP/ATP was based on activated AMP  AMP/ATP in the ghrelin and ghrelin-treated septic groups
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showed reductions in muscle protein degradation. In the
early phase of sepsis, creatine phosphate degradation is
increased for maintaining ATP levels to provide for cellular
demand (Lara et al. 1998).

In conclusion, it was observed that improvements effects
of ghrelin on muscle morphology and, high energy com-
pounds in septic skeletal muscle.
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