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Abstract

AIM: To investigate the potential therapeutic significance
of ghrelin and growth hormone releasing peptide 6
(GHRP-6) in diabetic mice with gastric motility disorders.

METHODS: A diabetic mouse model was established
by intraperitoneal (jp) injection of alloxan. Diabetic mice
were injected /jp with ghrelin or GHRP-6 (20-200 pg/kg),
and the effects on gastric emptying were measured
after intragastric application of phenol red. The effect of
atropine, N®-nitro-L-arginine methyl ester hydrochloride
(L-NAME) or D-Lys’>-GHRP-6 (a growth hormone
secretagogue receptor (GHS-R) antagonist) on the
gastroprokinetic effect of ghrelin or GHRP-6 (100 ug/kg)
was also investigated. The effects of ghrelin or GHRP-6
(0.01-10 umol/L) on spontaneous or carbachol-induced
contractile amplitude were also investigated /7 vitro, in
gastric fundic circular strips taken from diabetic mice.
The presence of growth hormone secretagogue receptor
la transcripts in the fundic strips of diabetic mice was
detected by reverse transcriptase polymerase chain
reaction (RT-PCR).

RESULTS: We established a diabetic mouse model
with delayed gastric emptying. Ghrelin and GHRP-6
accelerated gastric emptying in diabetic mice with
gastroparesis. In the presence of atropine or L-NAME,
which delayed gastric emptying, ghrelin and GHRP-6
(100 pg/kg) failed to accelerate gastric emptying.
D-Lys’-GHRP-6 also delayed gastric emptying induced by
the GHS-R agonist. Ghrelin and GHRP-6 increased the
carbachol-induced contractile amplitude in gastric fundic

strips taken from diabetic mice. RT-PCR confirmed the
presence of GHS-R mRNA in the strip preparations.

CONCLUSION: Ghrelin and GHRP-6 increase gastric
emptying in diabetic mice with gastroparesis, perhaps by
activating peripheral cholinergic pathways in the enteric
nervous system.
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INTRODUCTION

Delayed gastric emptying occurs in more than 50% of
patients with chronic diabetes mellitus (DM) and is always
associated with impaired quality of life and diabetic
control. While this delay is not always clinically apparent,
the range of gastrointestinal symptoms may include nausea,
vomiting, regurgitation, fullness, and bloatingm. Diabetic
patients with poor gastric emptying have a number of
possible metabolic consequences, including poor glycemic
control, increased risk of postprandial hypoglycemia and
variable drug absorption. At its worst, gastroparesis can
lead to intractable vomiting and an inability to feed, and
carries a poor prognosism.

Present management of diabetic gastroparesis involves
empirical use of prokinetic drugs such as domperidone,
metoclopramide, cisapridelz’ﬂ and erythromycinm. The
effects of these drugs, however, are unpredictable. One
possible explanation for this lack of sustained response to
treatment is that gastropatesis may be originally associated
with progressive autonomic neuropathyls’()].

Ghrelin, a 28-amino acid peptide with an octanoyl
moiety at Ser’, was discovered in 1999 as the endogenous
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ligand for the growth hormone secretagogue receptor
(GHS-R), now often referred to as the ghrelin receptor'”.
The ghrelin receptor, originally called GHS-R1a, has
also been called GRLN receptor since the discovery of
ghrelin®. This receptor was first characterized, cloned and
identified as the receptor for a family of synthetic ligands
known as growth hormone secretagogues, which stimulate
the release of growth hormone (GH)". Ghrelin and its
receptor have been localized to the gastrointestinal tracts
of many mammalian species, including the mouse, rat
and humans™"". Tn rats"?, mice!™? and dogs'"”, ghrelin
has been found to increase gastric emptying, and the site
of action may involve the enteric nervous system. In rats
and mice, a gastroprokinetic-like activity of ghrelin may
be observed 7z vitro as an increase in neuronally mediated
contractions evoked by electrical field stimulation (EFS)""'¥,
Growth hormone-releasing peptide-6 (GHRP-6) is a
synthetic peptide that causes release of GH, similar to
the effect of ghrelin, but through an as yet unknown
mechanism. Diabetic gastroparesis is a disabling condition
with no consistently effective treatment; however, the effect
of ghrelin and its synthetic peptide GHRP-6 on diabetic
mice with gastroparesis has not been reported. Therefore,
we investigated the potential therapeutic significance of
ghrelin and GHRP-6 in diabetic mice with gastric motility
disorders.

MATERIALS AND METHODS

Chemicals

Rat ghrelin, GHRP-6 and D-Lys-GHRP-6 were obtained
from Tocris Cookson (Bristol, UK). N®-nitro-I-arginine
methyl ester hydrochloride (L-NAME) was purchased
from Bachem (Bubendorf, Switzerland). Atropine sulfate,
phenol red and alloxan were obtained from Sigma (St
Louis, Missouri, USA).

Preparation of experimental animals

C57 mice weighing 18-22 g were obtained from the
experimental Animal Center of the Shanghai Academia
Sinica. All procedures were approved by the Medical Ethics
Committee of Shanghai Jiaotong University. Mice were
housed in stainless steel cages at a controlled temperature
(22 + 2°C) and 60%-65% relative humidity with a normal
12 h light/dark cycle. Six mice were randomly selected
as normal controls, and the rest were fed a high-fat diet.
After exposure to the high-fat diet for 3 wk, the mice were
fasted overnight with free access to water, and injected
intraperitoneally () with alloxan (0.2 g/kg body weight)
dissolved in sterile normal saline solution. Seventy-two h
later, the fasting blood glucose levels of the mice were
determined using the glucose oxidase method with a
Glucose Analyzer. Mice with a blood glucose level greater
than 11.1 mmol/L were defined as diabetic (DM) mice.
DM mice continued to feed without control of blood
glucose for 4 wk; then, the mice that were defined to be
DM mice with gastroparesis, as confirmed by subsequent
tests, were used for further investigations.

Studies of gastric emptying in vivo
Mice were allowed free access to water 12 h before the
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experiment. DM mice were injected with either ghrelin (0,
20, 50, 100, or 200 pg/kg; 7) or GHRP-6 (0, 20, 50, 100, ot
200 pg/kg; ) in a random order. Modulation of the effects
of the growth hormone secretagogue receptor (GHS-R)
agonists by pharmacological blockers was tested by 7
administration of atropine (1 mg/kg), L-NAME (50 mg/kg)
or D-Lys’-GHRP-6 (5 pmol/kg) 15 min before admini-
stration of the GHS-R agonist (ghrelin 100 ng/kg or
GHRP-6 100 pg/kg). Each drug treatment group consisted
of at least six DM mice. An additional group consisting
of at least 6 DM mice were injected with saline as normal
controls.

Immediately after the injection of the drug, 5 mg/kg
body weight phenol red test meal (0.5 g/L in 0.9%
NaCl with 1.5% methylcellulose) was administered
intragastrically with an orogastric canula. The mice were
sacrificed 20 min later. The stomach was clamped with a
string above the lower esophageal sphincter and a string
beneath the pylorus to prevent leakage of phenol red. The
stomach was cut just beneath the strings and was frozen
at -70°C until measurement of gastric emptying, Gastric
emptying was determined spectrophotometrically using a
previously described method"™"”. The stomach of each
mouse was cut just above the lower esophageal sphincter
and the pyloric sphincter. Phenol red remained largely in
the lumen of the stomach, although some was trapped in
the mucus layer of the stomach, and a very small amount
of phenol red was reabsorbed in the mucosa after 20 min.
The stomach and its contents were submerged in 5 mL of
0.1 mol/L NaOH. The stomach was minced, and these
samples contained the total amount of phenol red present
in the stomach. The samples were further diluted in 10 mL
0.1 mol/L NaOH and left at room temperature for 1 h.
Five mL of the supernatant was then centrifuged at 800 X g
for 20 min. The absorbance was read at a wavelength
of 546 nm with a spectrophotometer (Shanghai Yixian
Company, China), and the phenol red content present in
the stomach was calculated. The percentage of gastric
emptying of the mice was calculated as (infusion-remained/
infusion) X 100%.

Contractility measurements in vitro

DM mice wete sactificed by cetvical dislocation, and the
stomach was removed and rinsed with ice cold saline.
Circular muscle strips, freed from mucosa (length 8-10 mm,
width 0.2 mm) were cut from the fundus and suspended
vertically in an organ bath filled with Krebs solution
(120.9 mmol/L NaCl, 2.0 mmol/L NaH2POs, 15.5 mmol/L
NaHCO:s, 5.9 mmol/L KCl, 1.25 mmol/L CaCl, 1.2 mmol/L
MgClz, and 11.5 mmol/L glucose) warmed at 37°C and
gassed with 95% O2/5% COz. One end of the strip was
fixed to a hook on the bottom of the chamber while
the other end was connected by a thread to an external
isometric force transducer (BK Company, USA) at the top.
After 1 h of equilibration at optimal stretch (0.75 g), the
reproducibility of the contractile response to carbachol
(0.1 umol/L) was assessed. Mechanical responses in the
smooth muscle strips were measured using an isometric
force transducer and stored on a computer for analysis using
the SMUP-E biological signal processing system (Chengdu
Equipment Factory, China). To investigate the modification
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of neuro-effector transmission by GHS-R agonists, the
response was studied in the presence and absence of
carbachol (0.1 umol/L), which, when used, was added to
the tissue bath 0.5 min before application of the GHS-R
agonists. The effect of GHS-R agonists on spontaneous or
carbachol (0.1 umol/L)-induced contractile activity in DM
mouse fundic muscle strips was studied by measuting the
mean contractile amplitude of the muscle strips.

Measurement of the growth hormone secretagogue
receptor by RT-PCR

Total RNA was prepared from DM mouse fundic muscle
strips using Trizol reagent (Invitrogen, Carlsbad, CA).
Single-stranded cDNA was synthesized using an oligo
(dT) anchor primer and Superscript”" II RNase H' reverse
transcriptase (Gibco BRL, NY, USA). The obtained
cDNA served as a template for polymerase chain reaction,
consisting of 35 cycles of amplification (95°C for 10 min,
94°C for 50 s, 60°C for 30 s, 72°C for 30 s) with a final
elongation of 10 min at 72°C using 0.5 U of Taq DNA
polymerase (Promega, Sweden) and 0.5 pmol/L primers
(forward: 5'-CGACCTGCTCT GCAAACTC-3" and
reverse: 5'-CACGCCCACCAGCACGAAGA-3"). PCR
using intron-spanning mouse [B-actin primers (forward:
5-CCTGTATGCCTCTGGTCGTA-3" and reverse:
5'-CCATCTCCTGCTCGAAGTCT-3"), demonstrated
that cDNA was present and devoid of genomic DNA
contamination. The expected sizes of GHS-R and B-actin
fragments were 217 bp and 260 bp, respectively. All
primers were selected from conserved regions identified
by the alignment of published sequences for GHS-R
mRNA in Genbank. PCR products were separated by
electrophoresis on 1.4% agarose gels and photos of the
separated products were taken.

Statistical analysis

Data are expressed as mean £ SE. One-way ANOVA was
used for statistical analyses of multiple comparisons, and a
P value of less than 0.05 was considered to be statistically
significant.

RESULTS

Contractility in vivo

Compared with the gastric emptying rate of the normal
mice (28.10% £ 1.28%), the gastric emptying rate of the
DM mice was significantly reduced (22.90% £ 1.42%,
P < 0.05. In DM mice, ghrelin accelerated gastric emptying
of the semi-liquid meal at doses of 50, 100 and 200 pg/kg;
the emptying rate was significantly accelerated from
22.90% % 1.42% to 27.80% £ 0.97%, 34.50% £ 1.20%
and 32.90% % 1.10% at doses of 50, 100 and 200 pg/kg,
respectively (P < 0.05, compared to injection of saline)
(Figure 1). Similarly, GHRP-6 increased gastric emptying
dose-dependently with significant effects at 50, 100 and
200 pg/kg (P < 0.05) (Figure 1).

The effect of ghrelin or GHRP-6 on DM mouse gastric
emptying was characterized pharmacologically. Ghrelin
(100 pg/kg) or GHRP-6 (100 ug/kg) was unable to reverse
the inhibition of gastric emptying due to pretreatment
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Figure 1 Effect of increasing doses of ghrelin (0-200 pg/kg, ip) or GHRP-6 on
gastric emptying in DM mice. Bars and error bars represent the mean + SE of at
least six animals. °P < 0.05 vs normal saline (NaCl).
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Figure 2 Effects of atropine, L-NAME and D-Lys*-GHRP-6 on the
gastroprokinetics of ghrelin or GHRP-6 in the DM mice. Mice were pretreated with
atropine (1 mg/kg), L-NAME (50 mg/kg) or D-Lys™GHRP-6 (5 pmol/kg) before
administration of ghrelin (100 ug/kg) or GHRP-6 (100 pg/kg), and the effects were
compared with those of treatment with ghrelin or GHRP-6 (100 ng/kg) alone. Bar
graph and error bars represent the means + SE of at least six animals. °P < 0.05
vs treatment with ghrelin or GHRP-6 (100 pg/kg) alone.

with atropine (1 mg/kg) or L-NAME (50 mg/kg) (P < 0.05).
Pretreatment of DM mice with D—Lys‘%—GHRP—G (5 pmol/kg)
also delayed the accelerated gastric emptying induced by
ghrelin or GHRP-6 (P < 0.05) (Figure 2).

Contractility in vitro

Fundic strips from the DM mice showed spontancous
contractile activity after 1 h of equilibration. Ghelin
(0.01-10 pmol/L) or GHRP-6 (0.01-10 umol/L) did not
significantly change spontaneous contractile responses in
the strips (Table 1). However, in the presence of carbachol
(0.1 pmol/L), ghrelin increased the carbachol-induced
contractile amplitude at 0.1, 1 and 10 umol/L. GHRP-6
also increased the carbachol-induced contractile amplitude

at 0.1, 1 and 10 pmol/L (Table 2).

Expression of the ghrelin receptor in mouse fundic strips
The presence of GHS-R mRNA in the mouse fundic
smooth muscle strips was verified by RT-PCR with
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GHSR -actin
500 bp 500 bp
4 e
300 b
200 bg —217bp 200 bp 260 bp
Group Spontaneous contractile amplitude of DM mouse 100 bp 100 bp

fundic strips (mg)
0 0.01 umol/L 0.1 pmol/L 1 umol/L
Ghrelin  204+1.15 21.3+0.98
GHRP-6 204+1.15 20.8+1.12

10 pumol/L

198+1.16 221+158 21.5+£1.36
21.3+1.74 20.6+127 213+1.35

Figure 3 Expression of GHS-R mRNA in gastric fundic strips from DM mice.
The band at 217 bp corresponds to the amplified GHS-R cDNA product with the
expected length. The band at 260 bp corresponds to the amplified -actin cDNA
product with the expected length.

Group Spontaneous contractile amplitude of DM mouse fundic strips (mg)

o 0.01 umol/L 0.1 pmolL 1 pmol/L 10 umol/L
Ghrelin + carbachol (0.1 pmol/L)  60.4 +1.21 61.3 £1.52 65.7 £1.16 70.0 +£1.58° 78.0 £1.56"
GHRP-6 + carbachol (0.1 umol/L)  60.4 £1.21 62.3+£2.14 65.4 +£1.24° 72.0 £1.42° 82.0+£1.75"

P < 0.05, vs carbachol (0.1 umol/L)-induced contraction amplitude of the DM mouse fundic strips.

gene-specific primers. Analysis of the PCR products by
electrophoresis revealed a band with the expected length of
217 bp (Figure 3).

DISCUSSION

We have demonstrated, for the first time, that ghrelin and
the synthetic peptide GHRP-6 improve gastric emptying
in diabetic mice with gastroparesis. This effect may be
mediated through potentiation of peripheral cholinergic
pathways in the enteric nervous system.

Ghrelin, a recently discovered peptide hormone,
is primarily produced by endocrine cells in the oxyntic
mucosa of the stomach in rats and humans”'?. Ghrelin
has also been found in the small intestine, testis, pituitary
gland, ovary, liver, pancreas, kidney, placenta and
hypothalamus, in both humans and rodents”". Ghrelin is
a natural ligand for GHS-R, and its receptor is found all
over the body, including in the bowel, pancreas, stomach,
heart, lungs and brain”**). In addition to its effect on
growth hormone secretion by activating GHS-R in the
pituitary gland, ghrelin enhances appetite, increases food
intake™ ™ mediates energy balance, regulates glucose
metabolism and insulin release™, stimulates gastric acid
secretion™ and promotes anxietylZSJ. It is well known
that many gastrointestinal peptides participate in the
regulation of gastrointestinal functions. Ghrelin is one
of these candidate gastrointestinal peptides, because it is
predominantly present in gastric endocrine cells and is
secreted into the bloodstream. In fact, the potential of
ghrelin and its synthetic peptide GHRP-6 as a prokinetic
agent has been shown previously in 7n vitro and in vive
studies. Previous studies on the effect of ghrelin on gastric
motility have demonstrated the involvement of vagal and
central ghrelin receptors. Thus, the effect of ghrelin on
gastric emptying is blocked by atropine and vagotomy
in rats and mice"*". Peripheral ghrelin may stimulate
fasted small intestinal motor activity through receptors on
vagal afferents, which activate neuropeptide Y-containing

www.wjgnet.com

. . . . 26
neurons in the brain, as suggested by experiments in rats”

In addition, expression of the ghrelin receptor in the rat
nodose ganglion has been confirmed using RT-PCR"™".
In addition to the known vagal pathways, ghrelin and
GHRP-6 accelerate gastric emptying and small intestinal
transit by activating cholinergic excitatory pathways in
the enteric neuron systemm’w’m. Moteover, ghrelin has
been shown to increase gastric emptying in patients with
gastroparesis, and it has been proposed that ghrelin or its
analogues may represent a new class of prokinetic agents
for the treatment of gastroparesislzg’zgl. In our study, we
investigated the effects of ghrelin and GHRP-6 on gastric
motility in diabetic mice with gastroparesis. Our findings
indicate the potential of ghrelin as a therapeutic approach
for gastrointestinal motility disorders.

In our study, the gastric emptying rate in the DM mice
was significantly reduced relative to the normal mice.
Ghrelin and GHRP-6 accelerated gastric emptying of
the diabetic mice with gastroparesis. In the presence of
atropine or L-NAME, which delayed gastric emptying,
ghrelin and GHRP-6 (100 pg/kg) failed to accelerate
gastric emptying. D—LysB—GHRP—6 also delayed gastric
emptying induced by GHS-R agonists. Gastric emptying
is a complex process involving excitatory and inhibitory
nerves, which may contribute to both acceleration and
retardation of the emptying process. L-NAME, which
blocks inhibitory nitrergic nerves, delayed gastric emptying,
probably by interfering with gastric accommodation
and pyloric relaxation. Therefore, the effect of ghrelin
may involve both excitatory and inhibitory pathways, as
suggested by the inability of ghrelin to overcome the delay
induced by L-NAME and atropine. Ghrelin has been
shown to induce release of nitric oxide in the rat stomach,
and in our study, a nitrergic pathway could be involved in
the acceleration of gastric emptying because the prokinetic
effect in vivo was lost in the presence of L-NAME. The
GHS-R antagonist D—LysS—GHRP—6, also blocked the
effect of the GHS-R agonists, and this result indicates
that the effect of GHS-R agonists on gastric motility
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occurs through GHS-R and likely does not involve cross
interactions with other receptors. Ghrelin and GHRP-6
increased the carbachol-induced contractile amplitudes in
fundic strips taken from DM mice, and this finding also
indicates that GHS-R agonists accelerate gastric emptying
of semi-liquid through the activation of GHS-R receptors,
possibly located on local cholinergic enteric nerves.
Moreover, the presence of GHS-R mRNA in the strip
preparations was confirmed by RT-PCR.

It remains controversial whether ghrelin can exert a
protective effect on gastric mucosa, although previous
studies have suggested ghrelin might induce gastric mucosal
lesion in rats by increasing acid secretion. It is unlikely the
improvement in gastric emptying in DM mice induced by
ghrelin or GHRP-6 could be explained by a protective effect
of ghrelin and GHRP-6 on gastric mucosa. Acid may inhibit
gastric emptying, but the effect of ghrelin on acid secretion
remains a controversial issue itself***!,

In conclusion, ghrelin and its synthetic peptide,
GHRP-6, increase gastric emptying in diabetic mice with
gastroparesis, perhaps by activating peripheral cholinergic
pathways in the enteric nervous system. Although further
studies are needed to determine the underlying mechanisms,
we propose that ghrelin or its analogues may represent a
new class of prokinetic agents for the treatment of diabetic
gastropatesis. Therefore, ghrelin and ghrelin agonists have
the potential to become useful therapeutic agents for the
treatment of diabetic gastroparesis. However, long term
animal experiments and clinical trials are needed.

COMMENTS

Background

Delayed gastric emptying is common in patients with chronic diabetes and is
always associated with impairments in both quality of life and diabetic control.
Ghrelin is a potent prokinetic peptide. Our aim was to test the effect of ghrelin and
its synthetic peptide, GHRP-6, on delayed gastric emptying in diabetic mice.

Research frontiers
This study represents the first investigation into the effects of ghrelin and GHRP-6
on diabetic mice with gastroparesis, using both in vivo and in vitro approaches.

Related publications

Ghrelin has been under intensive study for its effects on gastrointestinal motor
activity and its roles in motility regulation. In addition to influencing food intake and
energy balance, ghrelin also possesses prokinetic characteristics mediated by the
activation of cholinergic pathways.

Innovations and breakthroughs
Ghrelin has been shown to accelerate gastric emptying in postoperative and septic
ileus animal models. However, it has not been studied in a diabetic animal model.

Applications

According to our effective therapy in animal experiments, ghrelin and ghrelin agonists
may have the potential to become useful therapeutic agents for the treatment of
diabetic gastroparesis.

Terminology
Gastroparesis: A condition of delayed stomach emptying, often seen as a
complication of diabetes mellitus.

Peer review
This paper investigated for the first time in vivo and in vitro that ghrelin and its

synthetic peptide, GHRP-6, improves gastric emptying in diabetic mice with
gastroparesis, and this effect may be mediated through peripheral cholinergic
pathways in the enteric nervous system. These results are potentially significant
for the clinical treatment of diabetic gastroparesis.
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