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Role of ghrelin in small intestinal motility following
pediatric intracerebral hemorrhage in mice
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Abstract. Small intestinal motility (SIM) disorder is acommon
complication following pediatric intracerebral hemor-
rhage (ICH), leading to a poor prognosis in patients. Previous
studies have shown that ghrelin is involved in SIM in various
diseases; however, the role of ghrelin in pediatric ICH-induced
SIM disorder remains to be elucidated. The present study was
designed to investigate the association between ghrelin and
SIM post-ICH, and to examine the effect of exogenous ghrelin
administration on SIM in vivo. An ICH model was induced in
mice by autologous blood infusion. Neurobehavioral deficits
were evaluated using a Rotarod test, forelimb placing test, and
corner turn test. Intestinal mucosal damage was examined
using hematoxylin and eosin staining. SIM was measured
using charcoal meal staining. An enzyme-linked immuno-
sorbent assay was used to evaluate serum levels of ghrelin
and nitric oxide (NO). Reverse transcription-quantitative
polymerase chain reaction and western blot analyses were
performed to determine the levels of inducible nitric oxide
synthase (iNOS), neuronal nitric oxide synthase (nNOS) and
endothelial nitric oxide synthase (eNOS) at the mRNA and
protein levels. N, -nitro-L-arginine methyl ester hydrochloride
(L-NAME), L-arginine, atropine, phentolamine and propran-
olol were used to manipulate the putative pathways induced
by ghrelin. Neurological dysfunction was observed post-ICH.
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ICH caused damage to the intestinal mucosa and delayed SIM.
Serum levels of ghrelin increased between 3 h and 3 days,
peaking at 12 h, and showed a significant negative correlation
with SIM post-ICH. Ghrelin administration dose-dependently
attenuated ICH-induced SIM disorder. Ghrelin also decreased
NO levels by downregulating the mRNA and protein expres-
sion levels of iNOS, but not those of nNOS or eNOS, post-ICH.
Consistently, the effect was enhanced by L-NAME and
weakened by L-arginine, respectively. The protective effect of
ghrelin was eradicated by atropine, but not phentolamine or
propranolol. These findings suggested that ghrelin ameliorated
SIM disorder by downregulating iNOS/NO via the cholinergic
pathway. Therefore, ghrelin may serve as a potential biomarker
and useful target in ICH-induced SIM disorder.

Introduction

Pediatric stroke is a rare but serious event with high rates
of mortality and morbidity, is among the top 10 causes of
mortality and is as common as brain tumors in children (1,2).
The incidence of childhood stroke is estimated at 2.10-13.02
per 100,000 individuals and intracerebral hemorrhage (ICH)
accounts for almost 50% of all stroke cases (3-6). By contrast,
ICH in adults only comprises ~10-30% of cases (7). Pediatric
ICH has a mortality rate of ~25% and leads to significant
disability in 42% of those who survive (8), which results in a
significant burden on families and society.

Small intestinal motility (SIM) disorder presents primarily
with early satiety, bloating, nausea, vomiting and loss of
appetite (9). The motility disorder may result in the abnormal
propulsion of intestinal content and nutrient malabsorption,
leading to impaired intestinal mucosa and barrier func-
tion, deficient immunity, translocation of intestinal bacteria
and endotoxins, and even systemic inflammatory response
syndrome and multiple organ dysfunction syndrome (10,11).
Notably, small intestinal dysmotility is considered to be
a common complication following several brain events,
including traumatic brain injury (TBI) (11-13) and ischemic
stroke (14). ICH is a serious brain disease, the pathophysio-
logical common features of which are in accordance with the
other brain events mentioned above. However, to date, no study
has investigated the complication of SIM following ICH. The
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present study hypothesized that ICH may also induce signifi-
cant small intestinal dysmotility as occurs in ischemic stroke
and TBI. This is important in relation to the period of growth
and development of anatomy and biomechanics in children,
as small intestinal dysmotility not only affects the prognosis
of the disease itself, but may also affect the future growth,
nutritional status and mental development of the child.

Ghrelin is a 28-amino acid peptide, which is primarily
secreted from the stomach, and is distributed in the gastrointes-
tinal (GI) tract and the central nervous system (15,16). Ghrelin
has also been found in other tissues, including the pancreas,
lungs, kidney, ovaries, gonads, adrenal glands, myocardium,
adipose tissue and placenta of humans and rodents (17-20).
In various pathological and physiological conditions, ghrelin
is secreted into the circulatory system. Ghrelin has several
physiological functions, including stimulating food intake (21),
modulating systemic metabolism (16), regulating the secretion
of gastric acid (22), affecting sleep (23), inducing cell proli-
feration (24) and reducing the thermogenesis of brown adipose
tissue (25). There has been increasing interest regarding its
potent effects on gastric emptying and GI motility. A number
of studies have shown that the peptide is vital in protecting
against GI dysmotility in various diseases, including multiple
system atrophy (26), systemic sclerosis (27), stress (28),
shock (29), diabetes (30) and brain events (11-14). However,
the protective role and underlying mechanisms of ghrelin in
ICH-induced small intestinal dysmotility remain to be eluci-
dated, which has limited systemic treatment paradigms for
pediatric ICH.

In the present study, the primary aim was to determine the
association between serum levels of ghrelin and SIM disorder
post-ICH in mice. The second objective was to evaluate the
potential effect of exogenous ghrelin administration on
ICH-induced SIM disorder. It was shown that ghrelin admini-
stration enhanced SIM by downregulating the expression of
inducible nitric oxide synthase (iNOS)/nitric oxide (NO) via
the cholinergic pathway following pediatric ICH in mice.

Materials and methods

Animals. Male C57BL/6 mice (4-6 weeks old) were purchased
from the Experimental Animal Center of the Chinese
Academy of Sciences (Shanghai, China). All animal protocols
were approved by the Laboratory Animal Ethics Committee
of the First People's Hospital of Nantong (Nantong, China;
no. SYYLS2016009). Animal experiments were performed
in accordance with the rules of the US National Institutes of
Health Guidelines (31). All mice were housed at a constant
temperature (18-22°C) and humidity in a 12 h light/dark cycle
under specific pathogen-free conditions. Sterilized food and
water were provided ad libitum. All efforts were made to mini-
mize suffering and to reduce the number of mice included.

ICH model. The animal model was induced by injecting
autologous blood in two stages, in a stereotactic manner, as
described previously with minor modifications (32). The mice
were anesthetized with a single intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg) (Sigma, Merck
Millipore, Darmstadt, Germany). The mice were placed in a
stereotactic frame (RWD Life Science, Shenzhen, China) and
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subjected to ICH via autologous blood infusion. A 1 mm burr
hole was drilled 2.3 mm lateral to the midline and 0.2 mm
anterior to the bregma. The autologous blood (25 ul) was
collected using a Hamilton syringe from a tail cut. A needle
was advanced 3.0 mm into the right striatum. The autologous
blood (25 ul) was then injected using a microinfusion pump
(World Precision Instruments, Sarasota, FL., USA) via a double
injection technique. An initial volume of 5 ul was injected at a
rate of 1.5 yl/min. Following a 10 min injection-free interval,
the remaining autologous blood (20 xl) was delivered at the
same rate. To minimize blood backflow, the needle was left
in place for another 10 min. Following withdrawal of the
needle, the scalp was sutured. Sham control rats had the needle
inserted only. Following surgery, the animals were returned
back into their cage.

Drugs and chemicals. Ghrelin (Tocris Bioscience, Ellisville,
MI, USA) was dissolved in physiological saline and injected
intraperitoneally at a dose of 50, 100 or 200 ug/kg prior to
charcoal meal induction. Atropine (1 mg/kg), phentolamine
(30 mg/kg), propranolol (20 mg/kg), all from The Seventh
Pharmaceutical Co, Ltd. (Wuxi, China), L-NAME (50 mg/kg)
and L-arginine (300 mg/kg), from Sigma-Aldrich; Merck
Millipore, were freshly prepared in 0.9% saline on the day of
the experiment and pretreated intraperitoneally together with
ghrelin.

Three experiments were performed to determine the
association between serum levels of ghrelin and SIM, the
effect of the exogenous ghrelin administration on SIM
disorder, and its underlying mechanisms post-ICH. In the
first experiment, the animals were randomly divided into
six groups (n=6/group): Sham group and ICH groups at 3,
6, 12, 24, and 72 h. In the second experiment, the animals
were randomly divided into seven groups (n=9/group): Sham;
ICH; ICH + ghrelin (50 pg/kg); ICH + ghrelin (100 pg/kg);
ICH + ghrelin (200 ug/kg); ICH+ghrelin + L-NAME; and
ICH + ghrelin +L-arginine. In the third experiment, the animals
were divided into four groups (n=6/group): ICH + ghrelin;
ICH + ghrelin + atropine; ICH + ghrelin + phentolamine; and
ICH + ghrelin + propranolol.

Neurobehavioral deficits. Neurobehavioral deficits in the mice
were examined by investigators in a blinded-manner. The
Rotarod test was performed to evaluate motor coordination.
Prior to ICH induction, the mice were trained three times per
day for 3 days; each trial lasted for 5 min with a 2 h interval
between each trial at a slow speed of 4 rpm. The speed was
gradually increased to 40 rpm when the animals were habitu-
ated. Following ICH induction, the animals were tested three
times per day on days 1, 3, 5 and 7, and the average latency to
falling was recorded.

The forelimb placement test was performed to evaluate
the reflexive motor ability of the contralateral forelimb. The
investigator stimulated the respective vibrissae to elicit excita-
tion once per trial for 10 trials. The percentages of successful
left paw placing responses were determined for the impaired
forelimb.

For the corner turn test, the animals were allowed to
advance into a 30° corner and turn either left or right to exit.
The test was repeated 10-15 times, and the percentage of
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turning direction was calculated as follows: Number of left
turns/total turns x100.

Histopathology. Segments of ileum were harvested from the
mice in each group (3 h, 12 h and 3 days in the sham surgery
and post-ICH groups) and fixed in 10% neutral formalin for
24 h. The samples were embedded in paraffin and cut into
4 um sections, which were then mounted on glass slides. The
sections were stained with hematoxylin and eosin (H&E).
The histopathological changes in the samples were observed
in a blinded-manner using an inverted microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

Enzyme-linked immunosorbent assay (ELISA). The serum
levels of ghrelin and NO were quantified at each time point
using an ELISA kit (R&D systems, Minneapolis, MN, USA)
according to the manufacturer's protocol. The absorbance at
450 nm was recorded and a standard curve was established to
calculate the protein concentration.

SIM. The mice were fasted for 24 h prior to the experiment.
A 0.1 ml volume of charcoal meal (5% activated charcoal
suspended in 10% aqueous gum arabic) was injected into the
stomach of each mouse via a gastric tube. After 30 min, the
mice were sacrificed at each time point. Following laparotomy,
the entire small intestine was harvested. The distance traveled
by the charcoal of from the pylorus to the furthest point was
recorded. The ratio of small intestine impelling force was
measured using the following formula: Ratio of intestinal
impelling force (%)=distance traveled by the charcoal/total
length of the small intestine x100.

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR) analysis. Total RNA from the tissues of the small
intestine was extracted using TRIzol reagent (Invitrogen,
Watltham, MA, USA) according to the manufacturer's protocol.
Spectrophotometric analysis (OD,g50) Was used to determine
the quantity of RNA. Reverse transcription of the RNA into
cDNA was performed using a Prime Script RT reagent kit
(Takara, Otsu, Japan). Primers (Table I), which were synthe-
sized commercially by Sangon Biotech Co. Ltd. (Shanghai,
China), were designed to amplify the target genes. RT-qPCR
was performed according to the manufacturer's protocol using
an ABI 7500 PCR instrument with SYBR Green (Takara Bio,
Inc.). Briefly, the reactions were performed using 1 ul cDNA,
0.4 pl PCR forward primer, and 0.4 ul reverse primer in a 10 ul
total reaction volume. Cycling condition were as follows: An
initial predenaturation step at 95°C for 30 sec, followed by 40
cycles of denaturation at 95°C for 5 sec and annealing at 60°C
for 30 sec (33). Data were determined using the 2444 (34)
method with SDS software version 2.4.1 (Applied Biosystems,
Thermo Fisher Scientific, Inc.) and B-actin was quantified as
an endogenous control.

Western blot analysis. Total protein from the small intestine
tissues was extracted with a mixture of RIPA buffer (EMD
Millipore, Bedford, MA, USA). Following centrifugation at
12,000 x g for 10 min at 4°C, the supernatant was collected.
Protein concentrations were measured using a bicinchoninic
acid assay (Thermo Fisher Scientific, Inc.). The samples were
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diluted in protein loading buffer (Sunshine Biotechnology,
Nanjing, China) and boiled for 5 min at 95°C. Subsequently,
30 ug total protein was separated on a 10% sodium dodecyl
sulfate-polyacrylamide gel by electrophoresis. The proteins
were then electrotransferred onto a 0.45 ym PVDF membrane
(EMD Millipore). The membranes were blocked for 1 h
in 5% skim milk and probed with primary antibodies from
Abcam (Cambridge, UK) at the following dilutions: iNOS (1:50
dilution, catalog no. ab3523), nNOS (1:2,000 dilution, catalog
no. ab76067), eNOS (1:1,000 dilution, catalog no. ab95254),
and fB-actin (1:10,000 dilution, catalog no. ab3280) at 4°C
overnight, respectively. The blots were then incubated with
goat anti-rabbit (catalog no. HA1001-100) or goat anti-mouse
(catalog no. HA1006) HRP-conjugated secondary antibody
(1:5,000 dilution; HuaAn Biotechnology, Hangzhou, Zhejiang,
China) for 1 h at room temperature. The immunoreactive
bands were detected using ECL chemiluminescence reagent
(Pierce, Rockford, IL, USA) and quantified using Quantity
One software version 4.6.2 (Bio-Rad, Hercules, CA, USA).

Statistical analysis. The statistical analysis was performed
using SPSS 16.0 (SPSS, Chicago, IL, USA). Differences
between groups were analyzed using one-way analysis
of variance followed by Student-Newman-Keuls test.
Correlation was assessed using Pearson's correlation coeffi-
cient. Quantitative data are expressed as the mean =+ standard
deviation. P<0.05 was considered to indicate a statistically
significant difference.

Results

Changes in neurological behavior. To evaluate establish-
ment of the ICH model induced by intracerebral infusion of
autologous blood, neurological behavior was observed and
recorded. No neurobehavioral deficits were observed in the
sham group, whereas the mice subjected to intracerebral blood
infusion had significant neuroethological abnormalities within
7 days following surgery. As shown in Fig. 1A, a significant
reduction in retention time on the Rotarod was detected on
days 1-7 post-ICH. Following ICH, the retention times on the
Rotarod decreased by ~50.92, 57.03, 49.82 and 47.59% on days
1, 3,5 and 7, respectively (all P<0.01). In the forelimb-placing
test, the blood-infused mice presented with marked forelimb
placing deficits, compared with the sham mice, at each time
point (Fig. 1B). Following ICH, the forelimb-placing score was
decreased by ~73.61, 78.49, 75.00 and 69.56% on days 1, 3,
5 and 7, respectively (all P<0.01). Compared with the sham
controls, the corner turn deficits were significantly higher on
days 1, 3, 5, and 7 post-ICH (Fig. 1C). The corner turn score
was increased by ~60.60, 64.45,54.30 and 48.68% on days 1, 3,
5 and 7 (all P<0.01) post-ICH. Together, these results indicated
that the ICH model using the intracerebral autologous blood
infusion were established successfully, and the experimental
ICH model was suitable for use in the subsequent experiments
aimed for determining the role of ghrelin on SIM disorder
post-ICH in vivo.

Changes in intestinal mucosa tissues. To determine the intes-
tinal mucosal injury post-ICH, sections of ileum from sham
group and ICH groups at 3, 12 and 72 h were stained using
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Table I. Polymerase chain reaction primer sequences.
Target gene Sense primer (5'-3") Antisense primer (5'-3")
iNOS CCTCCTCCACCCTACCAAGT CACCCAAAGTGCTTCAGTCA
nNOS GCTTCAGGAATATGAGGAATGG TGATGGAATAGTAGCGAGGTTGT
eNOS TGTCTGCGGCGATGTCACT CATGCCGCCCTCTGTTG
[B-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

iNOS, inducible nitric oxide synthase; nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase.
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Figure 1. Evaluation of neurological deficits following ICH. (A) Rotarod,
(B) forelimb-placing and (C) corner turn tests were performed at 1, 3, 5 and
7 days post-ICH (infusion of 25 ul autologous blood into the right striatum)
and in the sham control. Values are presented as the mean + standard devia-
tion (n=9/group), “P<0.01, vs. sham group. ICH, intracerebral hemorrhage.

H&E staining. Visually, the sections showed approximately
intact mucosa in the sham group (Fig. 2A). By contrast,
mucosal damage occurred as early as 3 h post-ICH, shown

as mild lifting of epithelial cells from the top of villi, and
shortened and thickened villi (Fig. 2B). In addition, severe
lifting of epithelial cells, epithelial disorganization, fusion of
adjacent villi, inflammatory cell infiltration, and naked lamina
propria were observed at 12 h (Fig. 2C) and the changes were
maximal at 72 h (Fig. 2D).

Correlations between serum levels of ghrelin and SIM. To
determine the changes in serum levels of ghrelin following
ICH, ELISA was performed. As shown in Fig. 3A, the serum
levels of ghrelin were significantly elevated between 3 and
72 h post-ICH (6.60+0.81, 6.99+0.77, 8.63+0.92, 8.00+0.74
and 6.68+0.72 ng/ml post-ICH, vs. 5.48+0.77 ng/ml in the
sham group, respectively; P<0.05). The serum level of ghrelin
increased as early as 3 h, peaked at 12 h, and remained at a
significantly higher level until 72 h.

To examine the changes in SIM post-ICH, charcoal meal
staining was performed at each time point. Compared with
the sham controls, SIM was decreased between 3 and 72 h
post-ICH (56.82+2.51, 42.80+3.93, 34.61+4.10, 38.64+2.01
and 45.63+3.64%, vs. 75.83+2.46% in the sham group,
respectively; Fig. 3B; P<0.01). Consistently, small intestine
dysmotility peaked at 12 h post-ICH. Based on these results,
exogenous ghrelin was administered for 12 h following ICH
for the subsequent experiments aimed at determining the
effect of ghrelin on SIM.

The correlations between serum levels of ghrelin and SIM
were analyzed using Pearson's correlation coefficients. There
was a significant negative correlation between the serum level
of ghrelin and SIM (r=-0.783; P<0.01; Fig. 3C).

Effect of ghrelin on SIM. To investigate the effect of ghrelin
on SIM in vivo, the ratio of small intestinal impelling force
was measured at 12 h post-ICH. As shown in Fig. 4, SIM was
significantly increased in a dose-dependent manner by a single
injection of ghrelin of 50, 100 and 200 pg/kg (49.95+3.27,
57.11+£5.61 and 61.11+5.84%, vs. 34.61+4.10% in the vehicle,
respectively) following the induction of ICH (P<0.01).
However, no significant difference was found between
200 pug/kg ghrelin treatment and 100 pug/kg ghrelin treatment
(P>0.05). Therefore, a dose of 100 pg/kg ghrelin was used for
administration in the subsequent experiments to determine its
underlying mechanisms.

Effect of ghrelin on the iNOS/NO pathway. To determine
the NO levels following ghrelin administration, ELISA was
performed. Compared with the sham group, the vehicle-treated
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Figure 2. Pathobiology of intestinal mucosa stained using hematoxylin and eosin. (A) Intestinal mucosal structure in the sham group was almost intact.
(B) Mild villi damage was shown at 3 h in the ICH groups. (C) Severe lifting of epithelial cells, epithelial disorganization, fusion of adjacent villi, inflammatory
cell infiltration, and naked lamina propria were observed at 12 h, and (D) gradually worsened on day 3. n=3/group. ICH, intracerebral hemorrhage.
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group exhibited higher NO levels at 12 h post-ICH (52.19+5.25,
vs. 99.59+6.84 umol/l; P<0.01). However, ghrelin admini-
stration markedly reduced the ICH-induced levels of NO
(78.79+6.51, vs. 99.59+6.84 ymol/l; P<0.01; Fig. 5A).

To further determine whether the ghrelin-induced reduc-
tion of NO was NOS-dependent or not, the expression levels
of iNOS, nNOS and eNOS were examined using RT-qPCR

and western blot analyses. At the mRNA level, the expression
levels of iNOS, nNOS and eNOS were significantly increased
in the vehicle-treated ICH group, compared with those in
the sham group (2.62+0.26, vs. 0.41+0.17; 1.06+0.13, vs.
0.21+0.10; and 2.28+0.25, vs. 0.72+0.13, respectively; P<0.01;
Fig. 5B). Ghrelin (100 mg/kg) significantly reduced the mRNA
expression of iNOS, compared with the ICH group (1.71+0.37,
vs. 2.62+0.26; P<0.01); however, it did not significantly alter
the mRNA expression of nNOS (0.92+0.17, vs. 1.06+0.13;
P>0.05) or eNOS (2.67+0.36, vs. 2.28+0.25; P>0.05). At
the protein level, a similar effect was observed (Fig. 5C).
Compared with the sham group, ICH induced a significant
increase in the protein expression levels of iNOS, nNOS and
eNOS (1.90+0.21, vs. 1.00+0.17; 1.50+0.16, vs. 1.00+0.16;
and 1.83+0.21, vs. 1.00+0.15, respectively; P<0.01). Similarly,
compared with the ICH group, the protein expression of iNOS
(1.41£0.22, vs. 1.90+0.21; P<0.01), but not of nNOS (1.34+0.16,
vs. 1.50+0.16; P>0.05) or eNOS (1.92+0.16, vs. 1.83+0.21;
P>0.05), was downregulated by ghrelin administration.

To further confirm the protective effect of ghrelin on SIM
via the iNOS/NO pathway, L-NAME and L-argnine were used.
As shown in Fig. 6, co-treatment with L-NAME, a nonselec-
tive NOS inhibitor, markedly enhanced SIM, compared with
treatment with ghrelin alone at 12 h post-ICH (67.99+5.09,
vs. 57.11+£5.61%; P<0.01). By contrast, co-treatment with
L-argnine, a precursor of NOS, weakened SIM in comparison
with ghrelin treatment alone at 12 h post-ICH (44.86+6.11,
vs. 57.11£5.61%; P<0.01).
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Effect of ghrelin on SIM via the cholinergic excitatory
pathway. To further determine whether the ghrelin-mediated
reduction of iNOS/NO was cholinergic pathway-dependent or
not, M-cholinergic and adrenergic receptor antagonists were
administered. As shown in Fig. 7, atropine, an antagonist
of M-cholinergic receptor, significantly reversed the effect
of ghrelin on SIM (40.61+4.9, vs. 57.11+5.61%; P<0.01). By
contrast, no significant inhibitory effects were observed on
the excitatory effect of ghrelin by the adrenergic receptor
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Figure 7. Effect of ghrelin on small intestinal motility via the cholinergic
excitatory pathway. Ratio of intestinal impelling force was measured by
administration of ghrelin following pretreatment with atropine, phentolamine
and propranolol, respectively. Values are presented as the mean + standard
deviation (n=6). *P<0.01, vs. sham group.

antagonists phentolamine or propranolol (60.61+4.95,
vs. 57.11+£5.61 and 57.28+5.03, vs. 57.11+5.61%, respectively;
P>0.05), compared with the control group.

Discussion
SIM disorder is a common complication following pediatric

ICH. However, it has not been investigated extensively and
the pathophysiological changes have not been discussed or
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evaluated extensively in the past. Of note, small intestinal
dysmotility may not only affect the prognosis of pediatric ICH
itself, but it may affect the child's future mental and physical
development. In the present study, the primary findings were
as follows: i) Neurological dysfunction was observed in mice
administered with an intracerebral infusion of autologous
blood; ii) temporal profiles of intestinal mucosal damage and
SIM disorder were induced by ICH in mice; iii) evaluation of the
time-course showed that the serum levels of ghrelin increased
markedly between 3 h and 3 days, peaked at 12 h, and showed
a significant negative correlation with SIM; iv) administration
of ghrelin effectively attenuated ICH-induced small intestinal
dysmotility in a dose-dependent manner; v) ghrelin adminis-
tration appeared to ameliorate ICH-induced small intestinal
dysmotility by reducing iNOS/NO via the cholinergic excita-
tory pathway. To the best of our knowledge, the present
study is the first in vivo investigation to show the association
between ghrelin and SIM following experimental ICH, further
clarifying the effect of ghrelin on SIM disorder.

It is important to note that intestinal mucosal damage may
progress to ulcer formation and upper GI bleeding according
to severity. Clinically, the frequency of upper GI bleeding
following ICH is almost 30% (35,36), which leads to long-term
hospitalization and higher mortality rates. In the present study,
severe damage of the intestinal mucosa occurred rapidly as early
as 3 h following ICH and persisted for 3 days. These findings
agree with the results of other brain event models (11,14,37),
including TBI and ischemic stroke. This suggests that ICH
induces intestinal mucosal damage, which may develop into
upper GI bleeding without reasonable intervention. In addi-
tion, previous evidence has revealed that the mucosal damage
leads to GI dysmotility, and vice versa (11,14).

As is already known, the brain-gut axis and brain-gut
peptides are important in regulating GI motility. Primary and
secondary brain injuries lead to changes in the synthesis and
secretion of brain-gut peptides, which are involved in altering
small intestine motility. To date, multiple brain-gut peptides have
been identified (38-42), including somatostatin, gastri), cholecys-
tokinin, vasoactive intestinal peptide, motilin, substance P and
ghrelin. Ghrelin is an endogenous ligand of the growth hormone
secretagogue receptor, and has been shown to be important in
several diseases (26-30). However, the dynamic changes in
serum levels of ghrelin during the early stages of ICH, and its
time-dependent correlation with SIM, have not been reported
previously. In the present study, the levels of ghrelin increased in
atime-dependent manner in the serum of ICH mice. By contrast,
SIM showed ab opposite trend between 3 h and 3 days post-ICH.
At 12 h, the changes in serum levels of ghrelin and SIM peaked
following ICH. The present study also demonstrated a negative
correlation between the serum level of ghrelin and SIM. These
data are in agreement with the findings of another previous
study, which demonstrated the association in an ischemic stroke
model (14). Therefore, the serum level of ghrelin may serve as a
potential hallmark for predicting ICH-induced SIM disorder in
clinical application. However, the cause-and-effect association
between serum levels of ghrelin and SIM disorder remains to
be elucidated. In another study, Xu et al (14) offered a potential
explanation for this association in a middle cerebral artery occlu-
sion model. Their results showed that the brain event caused
neurohumoral regulation disorders, leading to gastrointestinal
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motility disorder. The concomitant effect caused the decrease
in SIM, whereas the increase in the serum level of ghrelin was
compensatory. Therefore, the negative correlation between the
serum level of ghrelin and intestinal motility can be explained
as a compensatory reaction. The adaptive upregulation of serum
levels of ghrelin may lead to ICH-induced intestinal hypomo-
tility to restore GI kinetic energy. The decrease in intestinal
kinetics demonstrates that the compensation cannot sustain the
physiological small intestinal function. To determine the effect
of ghrelin on ICH-induced SIM disorder in the present study,
exogenous ghrelin was administrated. Notably, exogenous
ghrelin administration significantly attenuated small intestine
hypomotility in a dose-dependent manner following ICH. Taken
together, these results indicated that the induction of endogenous
ghrelin serves as an adaptive self-defense mechanism, although
it is insufficient to completely attenuate the small intestinal
hypomotility caused by ICH. Ghrelin offers a potential novel
approach to alleviate SIM disorder following ICH.

NOS neurons are well-known inhibitory cells to GI
motility, which are distributed extensively in the submu-
cosal and myenteric nerve networks (29,43). NOS has three
isoforms (iNOS, nNOS and eNOS) and can synthesize NO,
which inhibits GI motility. In the present study, three lines of
evidence demonstrated the effect of ghrelin on SIM disorder
via the iNOS/NO inhibitory pathway. Firstly, experiments
revealed that the ICH-induced serum expression of NO was
significantly inhibited by ghrelin administration, which was
consistent with the findings of a lipopolysaccharide-induced
GI motility disturbance model (29). However, the results
from a series of rodent models (29,44,45) showed that ghrelin
administration downregulated the expression of NOS/NO.
The present study found that ghrelin administration markedly
reduced the level of NO by downregulating the expression of
iNOS post-ICH, rather than that of nNOS or eNOS, which was
determined using RT-qPCR and western blot analysis. These
results are in accordance with those of Chen er al (29); ghrelin
had no significant effect on the expression of nNOS/NO or
eNOS/NO, however, it had a beneficial effect on SIM via
inhibiting the expression of iNOS/NO. The present study
further confirmed that ghrelin reversed ICH-induced small
intestinal hypomotility via the iNOS-dependent pathway by
administration with L-NAME or L-argnine. Taken together,
these findings demonstrated that ghrelin modulated SIM
post-ICH through suppressing the expression of iNOS/NO.

Several studies have demonstrated that NOS/NO decreases
GI motility through the autonomic nervous system (46,47).
Ghrelin has also been found to be critical in the regula-
tion of gastric emptying via the cholinergic excitatory
pathway (48,49). However, whether ghrelin reduces the
expression of iNOS/NO via the cholinergic pathway following
ICH has not been elucidated previously. In the present study,
atropine, phentolamine and propranolol were administered to
inhibit the cholinergic, a-adrenergic, and f-adrenergic pathway,
respectively. The results suggested that the prokinetic effect
of ghrelin was eradicated by atropine, but not by phentola-
mine or propranolol. These data are in agreement with those
previously reported (50). Together, these results suggested that
ghrelin attenuated SIM disorder by reducing the expression of
NOS/NO via the cholinergic excitatory pathway, but not the
a- or B-adrenergic excitatory pathways.
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In conclusion, the present study is the first, to the best of

our knowledge, to investigate the changes in serum levels of
ghrelin and SIM following ICH over time. The results provided
quantitative evidence suggesting that the administration of
ghrelin reversed ICH-induced small intestinal dysmotility by
downregulating the expression of iNOS-NO via the cholinergic
pathway. Ultimately, based on an improved understanding of
ghrelin in ICH-induced intestinal hypomotility, the use of
ghrelin as a potential marker for predicting post-ICH kinetic
disorders and pharmacological agents may be an effective
intervention in clinical application.
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