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ABSTRACT 

Background: The gastrointestinal (GI) prokinetic effects of ghrelin occurs through direct 

peripheral effects on ghrelin receptors within the enteric nervous system and via ghrelin receptor 

on the vagus nerve which activate a centrally mediated mechanism. However, the relative 

contribution of peripheral versus central effects contributing to the overall prokinetic effect of 

ghrelin agonists requires further investigation. Here we investigated the central versus peripheral 

prokinetic effect of ghrelin by employing two novel ghrelin agonists, HM01 with high brain 

penetration compared to HM02, a more peripherally acting ghrelin agonist. Methods: The 

pharmacokinetic (PK) profile of both ghrelin agonists was evaluated after intravenous 

administration (i.v.) and oral (p.o.) administration in rat. The efficacy of HM01 and HM02 was 

assessed in a rat model of post-operative ileus (POI) induced by abdominal surgery and in a rodent 

defecation assay. Results: PK results confirmed in our models that HM01 but not HM02 was a 

brain penetrant ghrelin agonist. Administration of either HM01 or HM02 reversed the delayed 

upper and lower gastrointestinal transit induced by abdominal surgery to levels resembling the 

non-POI controls. In the defecation test, HM01 but not HM02 significantly increased the weight 

of fecal pellets. Conclusion: Our findings suggest that in a rodent model of POI, synthetic ghrelin 

agonists stimulate GI transit though a peripheral site of action. However, in the defecation assay 

our data suggests that a ghrelin-mediated mechanism is located at a central site. Taken together, a 

ghrelin agonist with both central and peripheral prokinetic activity may show therapeutic potential 

to treat delayed GI transit disorders. 
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INTRODUCTION 

Post-operative ileus (POI) is the temporary cessation of gastrointestinal (GI) motility following 

abdominal surgeries such as appendectomy, bowel resection, and cholecystectomy. Symptoms of 

POI include anorexia, nausea, and constipation. The presumption of normal bowel motility post-

surgery is a critical point in the recovery process (Condon et al., 1986; Zeinali et al., 2009). Thus, 

the development of therapeutics that have the ability to restore normal bowel activity following 

abdominal surgery would be of benefit to human health, resulting in less pain and suffering for 

patients while lowering the overall cost of post-surgical management and reducing hospital stays. 

Current therapeutic approaches to treat POI are limited to gut specific opioid receptor antagonism 

and off-label drugs such as non-steroidal anti-inflammatory drugs, dopamine D2 receptor 

antagonism, and serotonin 5-HT4 receptor agonists (Greenwood-Van Meerveld, 2007; Van der 

Ploeg et al., 2014). Drugs acting through ghrelin-mediated mechanisms represent an emerging 

target for drug development in the area of GI dysmotility.  

Ghrelin is an orexigenic gut peptide secreted from the gastric mucosa that acts as an 

endogenous ligand to activate the growth hormone secretagogue receptor (GHSR) (Kojima et al., 

1999) which is localized in the peripheral myenteric component of the enteric nervous system 

(Levin et al., 2005) and on extrinsic vagal cholinergic fibers innervating the central nervous 

system (Wang et al., 2015). Due to the expansive expression of ghrelin and its receptor, a host of 

biological processes have been assigned to ghrelin including the regulation of appetite and 

feeding behavior (Tolle et al., 2002; Davenport et al., 2005) as well as a stimulatory effect on GI 

transit, where ghrelin acts as a potent prokinetic to accelerate gastric emptying. In support of a 

prokinetic effect for ghrelin, preclinical evidence suggests that both ghrelin and small molecule 

synthetic agonists of the GHSR-1a accelerate GI transit and gastric emptying in rat models of 

POI induced by abdominal surgery (Trudel et al., 2002; Poitras et al., 2005; Venkova and 
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Greenwood-Van Meerveld, 2008; Charoenthongtrakul et al., 2009; Venkova et al., 2009; 

Greenwood-Van Meerveld et al., 2012). Small molecule-based synthetic ghrelin agonists with 

greater potency, efficacy, and plasma stability are under clinical investigation for the treatment 

of upper GI dysmotility, mainly diabetic gastroparesis and more recent evidence also suggests 

that ghrelin agonists may enhance small intestinal motility (Tack et al., 2006). The GI prokinetic 

effects of ghrelin occur through two mechanisms; a direct peripheral effect on ghrelin receptors 

within the myenteric plexus or via ghrelin receptors on the vagus and pelvic nerves activating a 

centrally mediated mechanism. The upper GI prokinetic effects are thought to activate peripheral 

ghrelin receptors in the enteric nervous system, whereas the accelerated colonic transit induced 

by ghrelin itself or ghrelin mimetics likely occurs through a central site of action via vagal and 

pelvic nerves (Binn et al., 2006; Pustovit et al., 2014; Mosinska et al., 2017). However, a study 

in guinea pigs suggests that the contribution of peripheral enteric ghrelin receptors in the 

stimulation of upper GI transit is modest and that the gastro-stimulatory action of ghrelin can 

occur through activation of capsaicin-sensitive extrinsic vago-vagal reflex pathways (Nakamura 

et al., 2010). Thus, despite the potential of synthetic ghrelin agonism for the treatment of patients 

with GI dysmotility, the relative contribution of peripheral enteric versus central effects 

contributing to the prokinetic effect of ghrelin agonists requires further investigation. 

The goals of the current study were to investigate in a rodent model of POI, whether systemic 

administration of novel ghrelin agonists can reverse delayed gastrointestinal transit and determine 

whether the prokinetic activity of ghrelin occurs through a central and /or peripheral site of action. 

To address these experimental goals, we employed two novel ghrelin agonists; HM01, which 

shows a high binding affinity to the human GHSR-1a (Ki 1.42 ± 0.36 nM), high brain penetrance 

and induces propulsive colonic contractions through a central mechanism involving the stimulation 

of GHSR-1a receptors on neurons in the lumbosacral spinal cord (Karasawa et al., 2014; Naitou 
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et al., 2015) and HM02 a more peripherally acting ghrelin agonist with low brain penetration (Ki 

of 3.75 ± 0.52 nM, Helsinn unpublished observations). The effect of the two novel ghrelin agonists 

were investigated in a rodent model of POI induced by abdominal surgery in which we assessed 

gastric emptying, the geometric center (GC) and head of a radiolabeled meal to quantify upper GI 

transit. Furthermore, lower GI transit was measured by inserting dye into the proximal colon at the 

conclusion of the POI surgery and was defined as the time taken for the first appearance of the dye 

in the fecal pellets. Both compounds were also studied in a defecation assay in which the numbers 

of fecal pellets produced in a defined time were weighed following HM01 and HM02 treatment.  
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MATERIALS AND METHODS  

Animals 

 Experiments were performed on male Sprague Dawley rats (250-350g) purchased from Charles 

River Laboratories (Wilmington, MA). Rats were housed two-per-cage with free access to food 

and water at 21°C-23°C and a 12 hr light/dark cycle within the University of Oklahoma Health 

Sciences Center Department of Comparative Medicine’s animal facility in Oklahoma City, OK 

USA. For the experiments involving i.v. dosing the animals were purchased from Charles River 

Laboratories with indwelling catheters implanted in the right jugular vein for administration of 

drugs or vehicle. All animals were acclimated to facility housing for a minimum of one week 

before experimentation. The catheters were maintained patent by gently flushing with 0.3 mL of 

heparinized saline every 3-4 days. For the assessment of colonic transit, a separate cohort of rats 

was purchased from Charles River Laboratories with a catheter chronically implanted into the 

proximal colon (1–2 cm from the cecum) for infusion of a dye marker. The colonic catheters were 

flushed with 0.2 mL of saline every 3-4 days. All experimental procedures were approved by the 

University of Oklahoma Health Sciences Center Institutional Animal Care and Use Committee 

(Protocol number: 11-027-HR). Sprague Dawley rats (250-350g) were used for defecation model 

were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., (Beijing, 

China) allowed to acclimate in the animal facility at HD Biosciences Com., Ltd. (Shanghai, China) 

and were housed with free access to food and water at 21°C-23°C and a 12-hr. light/dark cycle. 

Defecation animal protocol were approved by HD Biosciences Institutional Animal Care and Use 

Committee (Protocol number 111). 
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PK and Bio-analytical 

 Evaluation of the pharmacokinetics (PK) of HM01 and HM02 was performed in plasma after 

single intravenous (3 and 10 mg/kg i.v.) or oral (3, 10 and 30 mg/kg p.o.) administrations to male 

Sprague Dawley rats (3 animals/route/dose). Additionally, in a satellite group treated at the highest 

i.v. dose HM01 and HM02 concentrations in the brain were determined at 1, 2 and 8-hr. (3 

animals/time point). Three days before dosing and while under anesthesia (an aqueous mixture of 

ketamine, xylazine and acepromazine, subcutaneously administered), the rats were surgically 

prepared for serial blood samples collection. The animals were fitted with a flexible 3F-

polyurethane cannula (Biomedica Greto; method of sterilization: ethylene oxide) implanted in the 

superior vena cava (SVC) via the jugular vein. At the established times (i.v.: 5, 15, 30 min, 1, 2, 

4, 8, 24-hr.; p.o.: 15, 30 min, 1, 2, 4, 8, 24 hr.) 0.25 mL of blood was taken from the cannula using 

syringes with anticoagulant (7.5% EDTA solution for hematological tests) and transferred 

immediately into tubes, pre-cooled in an ice/water bath. Samples were centrifuged within 30 min 

at 10000 g for 3 min at 4 °C. All plasma samples were stored at -20 °C pending analysis. At the 

established times, 1, 2 and 8-hr. after dosing, brains were collected, washed with 10 mL of 0.9% 

sodium chloride solution, slightly dried on a blotting-paper, then frozen over liquid nitrogen and 

stored at -20 °C pending analysis. 

 

Extraction method (PLASMA) 

 Aliquots of 25 L of rat plasma were added with 300 L of acetonitrile in a 96-well plate 

containing 25 ng/mL of Stable Labeled Internal Standard (SLIS; HM01-d6 or HM02-d6). The 

plate was vortex mixed for 5 min and centrifuged at 1500 g at 4°C for 15 min. A robotic handling 

station Evolution P3 was used to transfer 100 µL of supernatant into a fresh 96-well plate. Each 
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well was added with 100 µL of 10 mM ammonium formate pH 3.5 and, after gentle mixing of the 

plate, aliquots of 10 µL were injected into the LC-MS/MS system.  

 

Extraction method (BRAIN) 

 Approximately 1g of brain tissue was diluted ten-fold with Dulbecco’s buffered solution and 

sonicated using an ultrasonic processor (high intensity ultrasonic processor, Sonics – US) keeping 

the sample on an ice bath for 40 sec. An aliquot of 50 L of the homogenized tissue was added 

with 400 L of acetonitrile containing 25 ng/mL of SLIS in around 96 well plate. After capping 

and vortex mixing, the plate was centrifuged for 15 minutes at 1500 g at 6°C. A robotic handling 

station Evolution P3 was used to transfer 100 µL of supernatant into a fresh 96-well plate. Each 

well was added with 100µL of 10 mM ammonium formate pH 3.5 and, after centrifugation for 5 

minutes at 1500 g at 6°C, aliquots of 10 L were injected onto the LC-MS/MS system. The LC-

MS/MS apparatus consisted of an Agilent 1100 HPLC with a CTC PAL auto-sampler and an 

Applied Biosystems API 3000 Mass Spectrometer. The ionization source was a Turbo Ion Spray 

in positive ion mode. The MRM transition used was 402.2→126.1 m/z for HM01, 408.2→126.2 

m/z for HM01-d6, 376.1→131.1 m/z for HM02, and 382.2→131.1 m/z for HM02-d6. 

Chromatography was performed with a Zorbax SB-C18 column (2.1 x 50 mm, 3.5 m), using a 

mobile phase of 10 mM ammonium formate pH 3.5 (Phase A) and acetonitrile (Phase B) under 

gradient elution at a flow rate of 0.3 mL/min. The lower limits of quantification were 5 ng/mL in 

plasma and 50 ng/g in brain. The calculation of pharmacokinetic parameters was performed by 

using the Watson package (v. 7.4, Thermo Fisher Scientific, Waltham, MA, USA) by a standard 

non-compartmental approach. 
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Post-Operative Ileus (POI) Surgery 

 POI was induced by a surgical procedure described as “running of the bowel” (Kalff et al., 1998). 

Rats were fasted overnight and anesthetized with isoflurane (5%). The abdomen was shaved and 

the area was treated with alcohol then a Betadine® (povidone-iodine; Webster Vet Supplies Inc., 

Bessemer, AL) antiseptic for disinfection. A midline incision was made to expose the viscera. Two 

saline soaked cotton-tipped applicators were used for exteriorize the small intestine and the cecum 

and gently massaged from the stomach to distal colon for 5 min. Upon completion of this 

procedure, the GI organs were covered with saline-soaked gauze for an additional 10 min. At the 

end of the surgery, the small intestine and the cecum were gently returned to the abdominal cavity 

and the incision was closed with silk sutures. The surgical procedure lasted no more than 30 min.  

 

Evaluation of gastric motility and intestinal transit 

 An intragastric gavage of 1.5 mL of 99mTc labelled methylcellulose in distilled water was 

administered in fully conscious rats following the POI surgery. 99mTc radioactivity was adjusted 

to approximately 100,000 cpm. The animals were placed in a wire bottom cage without access to 

food and water. Following a 15-min period, rats were euthanized by CO2 inhalation. The abdomen 

was opened and the stomach was clamped with a single silk ligature at the gastro-esophageal 

junction and two parallel silk ligatures at the pyloric-duodenal junction. The stomach and small 

intestine were carefully removed from the abdominal cavity and the total length of the small 

intestine was recorded. The stomach was isolated and gastric emptying was assessed via the 

amount of radioactivity remaining in the stomach. The small intestine was then ligated every 10 

cm, clamped, and separated. The small intestinal transit was assessed by the geometric center 

calculated as a function of the amount of radioactive content transported to each segment along 

the intestine. Calculations were made according to the method of Miller et al.: geometric 
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center = ∑(% of total radioactivity per segment × number of segment)/100 (Miller et al., 1981). 

The small intestinal transit was also characterized by the maximal distance (cm) reached by the 

head of the meal along the length of the small intestine, measured as the most distal 10 cm segment 

with activity greater than 3× background activity. The radioactivity remaining in the stomach and 

the intestinal segments were arranged from proximal to distal and was measured using a gamma-

counter (Packard, Cobra II, Ramsey, MN, USA). 

 

Evaluation of colonic transit 

 To evaluate colonic transit, 200 μL of a non-absorbable dye marker (trypan blue in saline) was 

injected into the proximal colon at the end of the surgical procedure. The abdomen was closed, 

and the rats were placed in a clean home cage supplied with food and water. Colonic transit time 

was evaluated as the period between the end of surgery and the appearance of dye in the fecal 

pellet. Animals not subjected to surgery and drug or vehicle treatment, served as the control group. 

The control rats were equipped with chronically indwelling colonic catheters used to infuse the 

dye marker.  

 

Defecation model 

 All rats were fasted for 7-hr prior to dosing in a dark phase model with free access to water. 

Immediately after administration of test compounds or vehicle (CMC, 0.5%), the fecal pellets 

produced were weighed and recorded in 30-min intervals for 2-hr. The results are recorded as the 

weight of fecal pellets at each time point.  
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Test Compounds 

 The test compounds HM01 and HM02 are novel ghrelin mimetics (Figure 1). Both test 

compounds were provided by Helsinn Healthcare Inc. (Lugano, Switzerland) and were stored at 

4º C until prepared for dosing. Preceding surgery, rats were pre-dosed with HM01 and HM02 (1-

hr pre-dose p.o., 15 min pre-dose i.v.). Methylcellulose and saline served as vehicle for p.o. and 

i.v., respectively. The drug suspension was prepared so that each rat received an oral dosing 

volume of 0.7-1.5 mL (dependent on body weight) for a dose of 10 mg/kg, and an intravenous 

dosing of 0.25-0.5 mL (dependent on body weight) for a dose of 1.4 µg/kg. Compounds were 

prepared fresh on the day of use.  

 

Data analysis 

 Data is shown as mean ± SD or SEM, as indicated. To determine statistical significance between 

control and treatment groups, data was compared using one-way ANOVA followed by a 

Bonferroni post-test. Results were deemed significant when p-values were less than 0.05 

(GraphPad Prism 6.0c; La Jolla, CA). The number of animals for each experimental group was 

determined based on power analysis. Each set of experiments were randomized and the persons 

performing experiments were not blind to the treatment in order to minimize the number of animals 

used in the studies. This approach ensured that the animals were properly acclimated to the 

experimenter which is vital in preventing exposure of animals to novel stressors. 
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RESULTS  

Pharmacokinetic Profiles of HM01 and HM02 

HM01 was rapidly cleared from the systemic circulation and distributed into tissues and organs 

after i.v. dosing (Tables 1 and 2). After single oral administration at the doses of 3 and 10 mg/kg, 

the bioavailability of HM01 was high and exceeded 80%. After single 3 and 10 mg/kg i.v. 

administration of HM02, the compound was cleared from the systemic circulation with low-

moderate clearance and distributed into tissues and organs. After single oral administration at the 

doses of 3 and 10 mg/kg, the bioavailability of HM02 was high and exceeded 80%. The 

concentrations of HM01 measured in the brain at 10 mg/kg at 1, 2 and 8-hr. post-dosing were 1.5 

to 1.9-fold higher than those in plasma. The concentrations of HM02 measured in the brain at 10 

mg/kg at 1, 2 and 8-hr. post-dosing was lower than the corresponding in plasma: the brain to 

plasma ratio ranged from 0.2 to 0.6. Pharmacokinetic curves of plasma and brain show the higher 

brain penetration of HM01 compared to HM02 (Figure 2). 

 

HM01 and HM02 reversed delayed GI intestinal transit induced by abdominal surgery 

In control rats we found that following abdominal surgery there was a significant delay in gastric 

emptying as measured by the increased amount of radioactivity remaining in the stomach in 

vehicle-treated rats compared to control non-POI rats (F(2, 17) = 9.964, p<0.001) (Figure 3A). In 

addition, abdominal surgery produced a significant slowing of small intestinal transit quantified as 

a decrease in geometric center (F(2, 17) = 14.85, p<0.0001) (Figure 3B) and a reduction in the 

distance traveled by the head of the radiolabeled meal (F(2, 17) = 24.63, p<0.001) (Figure 3C). In 

another cohort of rats, we compared the effects of p.o. versus i.v. administration of HM01 on the 

delay of gastric emptying and small intestinal transit induced by abdominal surgery. Following 

oral or systemic administration HM01 significantly decreased the amount of radioactivity 
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remaining in the stomach (F(2, 17)=10.4, p<0.001) (Figure 3A, D) to a level not statistically 

different from that observed in non-surgery control rats (p=0.53, Bonferroni post-test) and 

significantly increased GC (F(2, 17)= 21.59, p<0.0001) (Figure 3B, E), and the distance traveled 

by the head of the radio labeled meal (F(2, 17)=26.42, p<0.001) (Figure 3C, F). In additional 

experiments, we investigated whether a HM02, had any effect on POI induced abdominal surgery. 

As illustrated in Figure 4, oral and intravenous administration of HM02 significantly decreased 

the amount of radioactivity remaining in the stomach (F(2, 17)=24.13, p<0.0001) (Figure 4A, D) 

and increased the GC (F(2, 17)=19.02, p<0.0001) (Figure 4B, E) to a level not statistically different 

from that observed in non-surgery control rats (p=0.52, Bonferroni post-test). Oral administration 

of HM02 also reversed the distance traveled by the head of the meal (F(2, 17)=22.55, p<0.0001) 

(Figure 4C). After demonstrating that both HM01 and HM02 were capable of reversing the delay 

in gastric and small intestinal transit induced by abdominal surgery in a rodent model of POI, we 

advanced these observations by investigating the effect of each ghrelin agonist on the delay in 

colonic transit induced by abdominal surgery. In control rats, the time to the first pellet was 

significantly increased in POI rats treated with the vehicle compared to non-treated controls 

(Figure 5). Administration of either HM01 (F(2, 14) = 19.5), p<0.0001) (Figure 5A) or HM02 

(F(2, 14)=34.07, p<0.0001) (Figure 5 B) reversed the delay in colonic transit as demonstrated by 

a decrease in the time to the first fecal pellet to a level not statistically different from that observed 

in non-surgery control rats (HM01: p=0.29, HM02: p=0.57, Bonferroni post-test) 

 

Effect of HM01 and HM02 of defecation model 

HM01 showed a dose-responsive increase in the weight of feces compared to the vehicle treated 

rat, 30 min after administration (p<0.01 vs. vehicle at 10 and 30 mg/kg oral) (Figure 6A) which 

was maintained at 24-hr. post HM01 administration (p<0.05 vs. vehicle at 10 and 30 mg/kg oral) 
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(Figure 6B). As illustrated in figure 6C HM01 (0.1-30 mg/kg) administration significantly 

increased food intake at 0.1-30 mg/kg. (p<0.01 vs. vehicle) Conversely, HM02 showed a modest, 

albeit significant (p<0.01 vs vehicle) increase of weight of feces at 30 min (Figure 7A), but no 

effect was observed in the 24-hr. total fecal weight (Figure 7B). In addition, HM02 significantly 

increased food intake at 10 and 30 mg/kg (p<0.01 vs. vehicle at 10 and 30 mg/kg oral) (Figure 

7C).  
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DISCUSSION  

Ghrelin is an orexigenic hormone produced within endocrine cells of the gastric mucosa 

that has previously been shown to promote propulsive motility in the stomach and small intestine 

through activation of ghrelin receptors expressed in the upper GI tract (Wang et al., 2015). 

Emerging clinical evidence suggests that ghrelin mimetics may prove useful in the treatment of 

upper GI hypomotility disorders, including diabetic gastroparesis and post-operative ileus (Avau 

et al., 2013). In the present study, we demonstrated that surgical manipulation of the bowel in a 

rodent model caused a delay of gastric emptying, decreased the geometric center, reduced the 

distance travelled by the head of the radioactive meal and increased the time to first fecal pellet 

output. These results are consistent with our previous studies and confirm that this model of 

delayed GI transit in rats following surgery is an effective experimental tool to investigate the 

efficacy of new therapeutic treatments relevant to the postsurgical GI dysfunction apparent in 

patients (Venkova et al., 2009). Using this experimental model, we aimed to investigate whether 

the GI prokinetic effects of ghrelin agonism occur through enteric activation and /or via centrally 

mediated mechanisms. We found that following systemic administration of either HM01, a ghrelin 

agonist that crosses the blood brain barrier or HM02, a peripherally restricted ghrelin agonist, there 

was a reversal of delayed upper and lower GI transit resembling GI transit observed in the non-

POI controls. Based upon these compelling experimental responses produced by a peripherally 

restricted ghrelin agonist (HM02), we conclude that the acceleration of upper and lower GI transit 

by ghrelin agonism occur predominantly through a peripheral site of action, likely involving 

ghrelin-receptor mediated activation within the myenteric plexus. However, the activation of 

ghrelin receptors on vagal afferents by a peripherally restricted ghrelin agonist cannot be 

completely ruled out. In concert, we found that HM01 activated a centrally mediated defecation 

reflex to increase fecal pellet production and was superior to HM02 suggesting that a ghrelin 
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receptor-mediated mechanism controlling distal colorectal motility may be located at a central site. 

However, it is possible that a ghrelin-mediated increase in food consumption may have indirectly 

altered 24-hr fecal pellet production. Despite convincing evidence in preclinical models and 

humans for the prokinetic activity of ghrelin agonism throughout the GI tract, there is conflicting 

evidence related to the relative roles for peripheral enteric neural versus central mechanisms 

contributing to the GI prokinetic effects of ghrelin. Thus, we employed another novel ghrelin 

agonist, HM02 with low brain penetration compared to HM01 but with high affinity to the human 

GHSR-1a. Following systemic administration of HM02 we demonstrated a reversal of POI-

induced gastroparesis and the delay in upper small intestinal transit induced by POI which is 

consistent with a peripheral site of action, likely at the level of the enteric nervous system rather 

than a direct effect on the smooth muscle. In support, studies have shown GHS-R 

immunoreactivity within neuronal cell bodies and fibers of the myenteric plexus in the stomach 

and colon isolated from rat and human whereas smooth muscle cells did not express GHS-R 

immunoreactivity (Dass et al., 2003). Taken together this data is strongly supportive of an 

activation of ghrelin receptors in the periphery leading to the prokinetic effect of ghrelin agonism.  

The findings that ghrelin agonists with an ability to cross the blood brain barrier stimulate 

colonic prokinetic activity points to the potential usefulness of centrally acting ghrelin agonists for 

the treatment of patients with chronic constipation (Shimizu et al., 2006; Shafton et al., 2009; Avau 

et al., 2013; Pustovit et al., 2014; Acosta et al., 2015; Mosinska et al., 2017). Thus, we investigated 

whether a novel ghrelin agonist with the ability to penetrate the blood brain barrier (HM01) had 

any effect on delayed GI motility. Our finding that a novel ghrelin agonist with brain penetrance 

following oral administration, reversed POI-induced gastroparesis and a delay in upper GI transit 

suggests that a central brainstem mechanism of action may be involved in the gastroprokinetic 

effects of ghrelin. In support, preclinical studies in rats have shown that prokinetic effects of 
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ghrelin are prevented or reversed by vagotomy (Masuda et al., 2000; Asakawa et al., 2001; Fukuda 

et al., 2004; Nakamura et al., 2010). Moreover, central or peripheral administered ghrelin in rats 

acts as a modulator stimulating colonic motility via hypothalamic nuclei including the arcuate 

nucleus, dorsomedial hypothalamic nucleus and paraventricular nucleus (Root and Root, 2002; 

Fujino et al., 2003; Chen and Tsai, 2012). Furthermore, administration of ghrelin directly into the 

paraventricular nucleus dose-dependently accelerated small intestinal transit in rats that was 

competitively inhibited by a GHSR antagonist (Wang et al., 2015). However, in the current study 

the possibility exists that despite its ability to penetrate the brain, peripheral administration of 

HM01 may also activate GHSRs in the myenteric plexus of the enteric nervous system to promote 

GI motility. Another observation in the current study, pointing to the importance of a central site 

of action for ghrelin agonism, was that in the defecation test, HM01 but not HM02 significantly 

increased the weight of fecal pellets, suggesting that a central mechanism(s) played an important 

role in the activation of the defecation reflex in normal healthy rats which is consistent with 

previous work using other centrally acting ghrelin agonists likely acting through extrinsic pelvic 

cholinergic nerves (Peeters, 2003; Shimizu et al., 2006; Shafton et al., 2009; Avau et al., 2013; 

Pustovit et al., 2014).  

Interestingly, the effect of ghrelin agonism seems to be much more pronounced on the 

stomach than on the small intestine. Similar results were also previously shown for ghrelin and 

GHRP-6 (De Winter et al., 2004; Depoortere et al., 2005). Since our current in vivo technique does 

not allow us to investigate the effect of ghrelin agonism on small intestinal transit in isolation, the 

possibility exists that the delay in small intestinal transit induced by ghrelin agonism might just 

result from the delayed gastric emptying delivering less of the radioactive meal to the small 

intestine. 
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In addition to studying the effect of ghrelin on delayed transit induced by abdominal 

surgery, experimental evidence points to the efficacy of ghrelin mimetics to accelerate GI transit 

in another model of delayed GI transit. In mice with diabetic gastroparesis, the peripheral 

administration of ghrelin significantly increased gastric emptying, intestinal transit and colonic 

transit (Zheng et al., 2008). However, it is unclear whether these prokinetic effects are attributable 

to peripheral or central mechanisms. In a rat model of Parkinson’s disease induced by 6-

hydroxydopamine, the finding that oral administration of HM01 caused a reversal of delayed GI 

transit through a mechanism involving c-fos activation in selective brain and spinal areas 

regulating GI function, demonstrates the potential of ghrelin agonism for the treatment of PD 

possibly through a central site of action (Karasawa et al., 2014). Interestingly, repeated daily 

administration of HM01 for up to 8 days remained efficacious in the Parkinson’s disease rodent 

model of colonic dysmotility (Karasawa et al., 2014).  

Although the present study does not evaluate these novel ghrelin mimetics in non-POI rats, 

other studies have identified that ghrelin in normal rats accelerates gastric emptying (Trudel et al, 

2002), colonic motility (Huang HH et al., 2016) and increases neuronally mediated rat isolated 

forestomach contractility (Bassil et al, 2006). There is also evidence reporting ghrelin induces 

migrating motor complex-like activity in rats (Fujino et al 2003; Edholm et al 2004). Taken 

together there is ample evidence showing the prokinetic effects of exogenous ghrelin under normal 

conditions. Furthermore, HM01 has been reported to induce a dose-dependent increase of 

propulsive contraction of the colorectum in normal rats which was prevented by spinal cord 

transection, thus suggesting a spinal site of action of ghrelin receptors (Naitou et al., 2015).  

In summary, our findings suggest that in an experimental model of delayed GI transit 

induced by abdominal surgery, two novel synthetic ghrelin agonists HM01 with higher central 
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penetrance than HM02, accelerate transit in the stomach, small intestine and colon strongly point 

to a peripheral gastro-prokinetic effect in a rodent model of POI. In contrast, in the defecation 

assay our finding that only HM01 increased fecal pellet output suggests that a ghrelin receptor-

mediated prokinetic effects occurs though a central site. Taken together, our experimental evidence 

suggests that in patients with delayed gastric, small intestinal and colonic motility, a novel ghrelin 

agonist such as HM02 with low brain penetrance may prove beneficial when used acutely. 

However, a ghrelin agonist with the ability to cross into the central nervous system such as HM01 

could be used to treat patients with chronic constipation or defecation disorders. 
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LEGENDS FOR FIGURES 

Figure. 1.  

Chemical structure of ghrelin agonists HM01 and HM02. Chemical structure of ghrelin agonists 

HM01 (A) (N'-[(1S)-1-(2,3-dichloro-4-methoxyphenyl)ethyl]-N-methyl-N-[1,3,3-trimethyl-(4R)-

piperidyl]-urea HCL and HM02 (B) N'-[(1S)-1-(2,3-dichloro-4-methoxyphenyl)ethyl]-N-

hydroxy-N-(1-methyl-4-piperidinyl)-urea. 

 

Figure 2.  

Comparison of the concentration of HM01 and HM02 in blood plasma and the brain post single 

intravenous (i.v.) administration at 10 mg/kg. HM01 at 1, 2 and 8 hours post-administration had 1.5-

2-fold higher concentration in plasma when compared to the brain (A) (n=3). HM02 at 1, 2 and 8 

hours post-administration had higher concentration in plasma when compared to the brain (B) 

(n=3). However, Pharmacokinetic curves of plasma and brain show the higher brain penetration 

of HM01 compared to HM02. Data is expressed as Mean ± SEM. 

 

Figure. 3.  

Effect HM01 on upper gastrointestinal transit in a rat model of post-operative ileus (POI). POI 

vehicle-treated (VEH) rats (n=6-7) increased the amount of radioactivity remaining in the stomach, 

decreased the geometric center, and decreased the distance traveled by the head of the radio labeled 

meal when compared to control rats (n=6) (A-F). HM01 (n=8) when administered orally (p.o.) at 

10 mg/kg decreased the amount of radioactivity remaining in the stomach to levels not statistically 

different from non-surgery control rats (p=0.53, Bonferroni post-test) (A), increased the geometric 

center (B), and increased distance traveled by the head of the meal (C). HM01 (n=7) when 

administered intravenously (i.v.) at 1.4 µmol/kg decreased the amount of radioactivity remaining 
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in the stomach to levels not statistically different from non-surgery control rats (p=0.53, Bonferroni 

post-test) (D), increased the geometric center (E), and increased distance traveled by the head of 

the meal (F). Data shown are mean ± SEM. Statistical significance was assessed by one-way 

analysis of variance followed by Bonferroni post-test for multiple comparisons *p<0.05, 

**p<0.01, ***p<0.001 ****p<0.0001 compared to control, #p<0.05, ##p<0.01, ###p<0.001 

compared to VEH. 

 

Figure. 4. 

Effect HM02 on upper gastrointestinal transit in a rat model of post-operative ileus (POI). POI in 

vehicle-treated (VEH) rats (n=6-7) increased the amount of radioactivity remaining in the stomach, 

decreased the geometric center, and decreased the distance traveled by the head of the radiolabeled 

meal when compared to control rats (n=6) (A-F). HM02 (n=7) when administered orally (p.o.) at 

10 mg/kg decreased the amount of radioactivity remaining in the stomach to levels not statistically 

different from non-surgery control rats (p=0.52, Bonferroni post-test) (A), increased the geometric 

center (B), and increased distance traveled by the head of the meal (C). HM02 (n=7) when 

administered intravenously (i.v.) at 1.4 µmol/kg decreased the amount of radioactivity remaining 

in the stomach to levels not statistically different from non-surgery control rats (p=0.52, Bonferroni 

post-test) (D), increased the geometric center (E), and had no effect on distance traveled by the 

head of the meal (F). Data shown are mean ± SEM. Statistical significance was assessed by one-

way analysis of variance followed by Bonferroni post-test for multiple comparisons, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 compared to control, #p<0.05, ##p<0.01, ###p<0.001 

compared to VEH. 
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Figure 5.  

Effect of HM01 and HM02 on lower gastrointestinal transit in a rat model of post-operative ileus (POI). 

POI in Vehicle-treated (VEH) rats (n=7) significantly increased colonic transit time (A, B). HM01 (n=8) 

(A) and HM02 (n=7) (B) when administered orally (p.o.) at 10 mg/kg significantly decreased colonic transit 

time to a level not statistically different from that observed in non-surgery control rats (HM01: 

p=0.29, HM02: p=0.57, Bonferroni post-test). Data shown are mean ± SEM. Statistical significance 

was assessed by one-way analysis of variance followed by Bonferroni post-test for multiple comparisons, 

***p<0.001 compared to control, ##p<0.01 compared to VEH. 

 

Figure 6.  

Effect of HM01 in defecation test, measured as weight of feces, 24 hours fecal weight and total 

food intake. HM01 (n=6) significantly increase the weight of the feces (A), the fecal weight (B) 

and food intake (C) in a dose-dependent manner. Data is shown as mean ± SEM; Statistical 

significance was assessed by one-way analysis of variance followed by Bonferroni post-test for 

multiple comparisons, *p<0.05, ** p<0.01 compared to VEH. 

 

Figure 7. 

Effect of HM02 in defecation test, measured as weight of feces, 24 hrs fecal weight and total food 

intake. HM029 (n=6) significantly increase the weight of the feces (A) and food intake (C) in a 

dose dependent manner but had no effect on feces weight (B) Data is shown as mean ± SEM; 

Statistical significance was assessed by one-way analysis of variance followed by Bonferroni post-

test for multiple comparisons, *p<0.05, ** p<0.01 compared to VEH. 
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Table 1. Plasma Pharmacokinetic Parameters of HM01. 

Plasma pharmacokinetics of HM01 when dosed intravenously at 3 and 10 mg/kg or orally (p.o.) 

at 3, 10 and 30 mg/kg. HM01 when dosed intravenously (i.v.) was quickly cleared from systemic 

circulation and dispersed into the organs and tissues. The bioavailability after oral administration 

of HM01 exceeded 80% (n=3). Data is expressed as Mean ± SD. 

Parameter Units Intravenous Oral 

  3 10 3 10 30 

C0083/Cmax ng/mL 682±59 2360±460 181±44 585±175 1430±208 

tmax h - - 1.7±0.6 1.7±2.0 1.7±0.6 

AUClast ng·h/mL 937±145 3540±765 780±155 3400±1010 12300±1400 

t1/2,z h 1.9±0.1 1.8±0.2 2.6±0.2 3.5±0.1 3.3±0.2 

CL mL/min/kg 52±9 47±11 - - - 

Vss mL/kg 6600±491 5910±896 - - - 

Vz mL/kg 8570±953 7250±1090 - - - 

F % - - 83±21 96±35 - 

Cmax: peak plasma concentration; tmax: time to peak plasma concentration; AUClast: Area under 

the plasma concertation curve till last measurable concentration; t1/2,z: terminal plasma half-life; 

CL: total clearance from the plasma; Vss: steady state volume of distribution; Vz: terminal 

volume of distribution; F: bioavailability. 
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Table 2. Plasma Pharmacokinetic Parameters of HM02. 

Plasma pharmacokinetics of HM02 when dosed dosed intravenously at 3 and 10 mg/kg or orally 

(p.o.) at 3, 10 and 30 mg/kg. Intravenous administration of HM02 had a slow to moderate 

clearance from the systemic circulation. HM02 when dosed orally had a high bioavailability that 

exceeded 80% (n=3). Data is expressed as Mean ± SD. 

Parameter Units Intravenous Oral 

  3 10 3 10 30 

C0083/Cmax ng/mL 1220±117 2850±214 331±184 925±234 2580±681 

tmax h - - 2.00±0.00 1.67±0.577 2.00±0.00 

AUClast ng·h/mL 2170±197 5040±281 1750±727 6060±669 18100±1590 

t1/2,z h 3.51±1.24 2.84±0.387 3.01*±0.516 3.90±0.722 2.87±0.205 

CL mL/min/kg 19.2±1.73 28.3±0.666 - - - 

Vss mL/kg 4790±1040 6310±943 - - - 

Vz mL/kg 5790±1800 6970±1030 - - - 

F % - - 81±34 120±15 - 

* n=2. Cmax: peak plasma concentration; tmax: time to peak plasma concentration; AUClast: Area 

under the plasma concertation curve till last measurable concentration; t1/2,z: terminal plasma 

half-life; CL: total clearance from the plasma; Vss: steady state volume of distribution; Vz: 

terminal volume of distribution; F: bioavailability. 
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