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Purpose: The anti-nociceptive properties of ghrelin have been demonstrated in alleviating
inflammatory and neuropathic pain. Whether a ghrelin receptor-mediated mechanism
attenuates visceral and somatic pain in the absence of active inflammation remains to be explored.
Here, we investigate the efficacy of peripherally restricted (ipamorelin) and a globally active
(HMO1) selective ghrelin receptor agonist in an experimental model of non-inflammatory visceral
hypersensitivity and somatic mechanical allodynia.

Materials and Methods: Visceral hypersensitivity was induced by dilute acetic acid
(0.6%) infusion in the colon of rats in the absence of colonic epithelial inflammation.
Ghrelin mimetics HM01 and ipamorelin were administered orally or intravenously, respec-
tively. The ghrelin receptor antagonist H0900 was administered orally. Colonic sensitivity
was assessed via a visceromotor behavioral response (VMR) quantified as the number of
abdominal contractions in response to graded isobaric pressures (0—60 mmHg) of colorectal
distension (CRD). Somatic mechanical allodynia was quantified by the number of ipsilateral
paw withdrawals in response to a calibrated von Frey filament.

Results: Compared to vehicle controls, ghrelin mimetics HMO1 and ipamorelin significantly
attenuated colonic hypersensitivity and somatic allodynia. The anti-nociceptive effects of the
ghrelin mimetics were blocked after administration of the ghrelin receptor antagonist H0900.
Conclusion: We have shown that ghrelin receptor-mediated mechanisms are involved in visceral
and somatic hypersensitivity in the absence of active colonic inflammation. Furthermore, visceral
and somatic hypersensitivity could be attenuated by a peripherally restricted ghrelin mimetic. These
results highlight a potential novel approach for treating acute visceral and somatic pain by ghrelin
mimetics.

Keywords: ghrelin mimetics, HMO1, ipamorelin, rat, visceral hypersensitivity, somatic
allodynia

Introduction

Ghrelin, a 28-amino acid peptide, is mainly produced by endocrine cells in the gastric
mucosa. The acylated form of ghrelin (ghrelin) can serve as a neuroendocrine signal
when it binds the growth hormone secretagogue receptor (GHS-R1a). These receptors
are found throughout the body but are abundantly expressed in certain regions of the
central nervous system, such as the hypothalamus, ventral tegmental area, hippocampus,
and substantia nigra. Ghrelin binding in the brain stimulates not only the secretion of
growth hormone but also regulates appetite and feeding behavior. In addition, ghrelin
activity can influence carbohydrate and lipid metabolism as well as, gastric motility and
acid secretion.! Apart from its role in controlling food intake and energy expenditure,
ghrelin can also bind to GHS-R on immune cells and shift their cytokine expression
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profile towards an anti-inflammatory state.” Following this
discovery, it was found that ghrelin could attenuate neuro-
pathic and inflammatory pain. For example, in animal models
of neuropathic pain, ghrelin inhibited the release of pro-
inflammatory cytokines, which alleviates neuropathic pain.*”
> In a model of formalin-induced inflammatory pain, ghrelin
administration shifted immune cell-mediated cytokine pro-
duction towards an anti-inflammatory profile, reducing the
intensity of early and late phase pain.® Interestingly, studies
have shown that the analgesic effects of ghrelin in models of
inflammatory pain can also be mediated through central path-
ways. For instance, in a rodent model of carrageenan-induced
acute inflammation, intracerebrovascular (i.c.v.) or systemic
administration of ghrelin attenuated hyperalgesia through
a mechanism involving the central opioid system.”® Taken
together, these studies demonstrate the beneficial role of ghre-
lin in regulating inflammatory and neuropathic pain, however,
whether ghrelin and its receptor are also involved in visceral
and somatic pain remains to be elucidated.

Visceral hypersensitivity is one of the defining symptoms
of the functional gastrointestinal disorder irritable bowel syn-
drome (IBS). In IBS patients, visceral hypersensitivity is
observed as a lowered pain threshold in response to distention
of a balloon catheter in the distal rectosigmoid colon.”'® Some
epidemiological studies have shown that up to 60% of IBS
patients also suffer from fibromyalgia, a disorder characterized
by deep muscle pain, making it one of the most prevalent
comorbidities of IBS."''* This enhanced nociceptive sensitiv-
ity in IBS patients occurs at least in part through viscero-
somatic convergence at the level of the spinal cord.'*'> In
this way, sensitization of the colonic afferents may lead to
abnormal processing of sensory input from somatic afferent
nerves, leading to a sensitization of the somatic afferents.
Although no perfect animal model of IBS exists, advances in
the understanding of the pathophysiology of IBS have facili-
tated the development of preclinical rodent models that reca-
pitulate key symptoms of IBS such as visceral and somatic
hypersensitivity.'® One such model uses a very low concentra-
tion of acetic acid directly administered into the colon of a rat to
induce acute IBS-like visceral hypersensitivity, in absence of
overt inflammation. In this rodent model, a transient sensitiza-
tion of colonic sensory afferents occurs, in absence of colonic
inflammation, which leads to colonic hypersensitivity in
response to luminal distention.'”"°

Based on the aforementioned studies on the analgesic
effects of ghrelin, we hypothesized that ghrelin is capable
of exerting an anti-nociceptive activity in a non-
inflammatory rat model of acute visceral and somatic pain.

For this purpose, we investigated the efficacy of two ghrelin
mimetics, HMO1 and ipamorelin (IPAM). The ghrelin recep-
tor agonist HMO1 is a synthetic small-molecule compound
that displays high receptor binding affinity and a longer
plasma half-life compared with endogenous ghrelin. In addi-
tion, HMO1 is known to have high brain permeability, which
allows it to mimic the central effects of ghrelin.?® IPAM is
a synthetic peptide-mimetic that also selectively stimulates
the ghrelin receptor, but is peripherally restricted.?' In order
to determine whether the analgesic effects of the ghrelin
mimetics were purely mediated through the ghrelin receptor,
we used the selective ghrelin receptor antagonist HO900 in
order to block the effects of HM01 and IPAM.

Materials and Methods

Animals

Male Sprague Dawley rats (300400 g, 76-84 days old on
arrival) were purchased from Charles River Laboratories
(Wilmington, MA). Rats
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 (OUHSC) Department of Comparative
Medicine’s animal facility in Oklahoma City, OK, USA
(AAALAC international accredited facility, D16-00104,
A3165-01) Rats were acclimated to the animal facility for 1
week, and to the laboratory/experimenter for another week in

were housed two-per-cage

order to reduce stress, induced by exposure to a novel envir-
onment. After this 2-week acclimation period, experiments
were performed during the light phase of the light/dark cycle.
For experiments designed to investigate IPAM, which is not
orally bioavailable, the rats were purchased from Charles
River Laboratories with indwelling catheters implanted in
the right jugular vein for administration of drugs or vehicle.
The catheters were maintained patent by gently flushing with
0.3 mL of heparinized saline every 3—4 days. A total of 101
rats were used to complete this study. Upon arrival from the
vendor, all animals were acclimated to the animal facility for
a minimum of 1 week. To further minimize experimental
stress, the rats were brought to the laboratory for an additional
week to acclimate to the laboratory environment and animal
handlers. The experimental protocol was approved by the
University of Oklahoma Health Sciences Center (OUHSC)
Institutional Animal Care and Use Committee (IACUC
Animal Protocol # 13—140). The guidelines for the care and
use of laboratory animals issued by the National Institute of
Health (NIH) were followed.
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Induction of Acute Visceral and Somatic
Hypersensitivity

After an overnight fast, rats were brought to the laboratory
and anesthetized with 5% isoflurane/100% oxygen. Visceral
and somatic hypersensitivity were induced by infusing dilute
(1.5 mL at 0.6%) acetic acid into the rat colon via a catheter
(Intramedic PE 205 tubing, BD and Co., Franklin Lakes, NJ)
inserted via the anus to the level of the mid-colon. The dilute
acetic acid was prepared from concentrated glacial acetic
acid stock (Sigma, St. Louis, MO). Rats receiving an infusion
of normal saline into the colon served as control.

Colonic Sensitivity

Colonic sensitivity was assessed as the visceromotor
response (VMR) to colorectal distension (CRD). The VMR
is a protective reflex of the abdominal muscle, which is
activated when CRD triggers nociceptive neuronal pathways
from the colorectum.>** Colonic sensitivity was assessed 60
min following the infusion of the dilute acetic acid, between
10:00 AM and 2:00 PM. Immediately after the acetic acid
enema, a 5-cm latex balloon was inserted approximately 11-
cm past the anus into the colon, secured to the base of the tail
with surgical tape and connected to a Distender Series IR
barostat (G & J Electronics Inc., Toronto, Ontario, Canada).
Colonic sensitivity was measured by counting the number of
abdominal contractions in response to graded pressures of
isobaric CRD (randomized 0—60 mmHg). Each pressure was
maintained for a period of 10 min during which the number
of abdominal muscle contractions were counted. A 10-min
recovery period was allowed between each distension.

Somatic Sensitivity

In a different cohort, somatic sensitivity also was assessed 60
min after acetic acid administration. Somatic sensitivity was
measured by quantifying of the number of paw withdrawals
in response to a calibrated von Frey filament.***> The von
Frey Anesthesiometer (IITC Life Science Inc., Woodland
Hills, CA) measures the level of somatic sensitivity by
recording the minimal force required to elicit hind paw with-
drawal. The animals were placed in a mesh-bottomed von
Frey caging apparatus and a nylon filament was steadily
pushed against the rat hind paw until withdrawal of the
hind paw. The force in grams which elicited hind paw with-
drawal was immediately recorded and removed. The von
Frey probing was repeated two additional times using the

same point on the same paw with 5-min intervals between

each testing session, and an average is taken of the 3 pres-
sures to give the average withdrawal pressure.

Test Compounds and Dose

HMO1 and IPAM were supplied by Helsinn Healthcare SA,
Lugano, Switzerland, and were stored at 4° C. HMO1 was
prepared as a suspension in a 1% methylcellulose solution
and was dosed orally via gavage at a volume of 0.5 mL per
100 g body weight. The following doses of HMO1 were used in
the experiments: 1, 3, 10, and 30 mg/kg. IPAM was dissolved
in sterile saline, pH to 7 and dosed intravenously at a volume of
0.1 mL per 100 g body weight. The following doses of [IPAM
were used in the experiments: 0.1, 1.0, and 10 mg/kg. The
doses for this study were selected based on previous experi-
ments and publications on the efficacy of ghrelin mimetics.**’
The ghrelin antagonist, H0900 was supplied by Helsinn
Healthcare SA, Lugano Switzerland, and administered via
oral gavage as a suspension in a 1% methylcellulose solution
at a volume of 0.5 mL per 100 g body weight. For all experi-
ments with the antagonist H0900, a dose of 30 mg/kg was used.
HO0900 was developed as a potent and selective ghrelin antago-
nist from a lead optimization project. H0900 showed ghrelin
receptor antagonism with an ICsy of 7.3 nM in the HEK293
cells stably expressing human ghrelin GHSR1a receptor by
using a fluorometric imaging plate reader assay, without evi-
dence for any agonistic or inverse agonist activity up to 10 pM.
No relevant inhibition was observed in a panel screen con-
ducted with H0900 at 10 uM against 73 mouse, rat, and human
receptors.

Experimental Design

Colonic or somatic sensitivity was assessed 1 h after acetic
acid enema. Rats in the HMO1 group, received HMOI1 via
oral gavage immediately after the dilute acetic acid enema.
Rats in the IPAM group received IPAM intravenously 5
min prior to colonic or somatic sensitivity assessment.
Vehicle controls rats were treated at the same time points
with their respective vehicle (1% methylcellulose for
HMO1 and saline for IPAM). The ghrelin receptor antago-
nist H0900 was administered 30 min before colonic or
somatic sensitivity assessment.

Data Analysis

Data are shown as mean = SEM. To determine statistical
significance, data were compared using two-way ANOVA
followed by a Bonferroni multi-comparison post-test (visceral
sensitivity) and one-way ANOVA followed by a Tukey’s
multi-comparison post-test (somatic sensitivity). Results
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were deemed significant when p-values were less than 0.05
(GraphPad Prism 6.0c; La Jolla, CA). A sample size calcula-
tion, based on our previous experiments and experience, was
performed prior to experimentation to determine the minimum
number of animals required for each experiment (n=4 for
colonic sensitivity and n=9 for somatic sensitivity). All experi-
ments were conducted in a randomized order. The experimen-
ter was not blinded to the treatment groups.

Results
Inhibition of Colonic Hypersensitivity by

Ghrelin Mimetics

Our findings revealed main effect of treatment (F(; 195y=50.15,
p<0.0001), a main effect of pressure (F3, 108=54.15,
p<0.0001), and a treatment X pressure interaction (F, jog)
=23.10, p<0.0001). As illustrated in Figure 1, rats treated with
acetic acid had a significantly higher number of abdominal
contractions at distention pressures of 40 mmHg (p<0.0001)
and 60 mmHg (p<0.0001). Treatment with the selective ghre-
lin mimetic HMO1 (1-30 mg/kg p.o) induced a dose-
dependent decrease in the number of abdominal contractions
(Fa, 156 = 41.44, p<0.0001) at 40 mmHg (p=0.0173) and 60
mmHg (p=0.0115) (Figure 2A). To confirm that colonic hyper-
sensitivity was attenuated due to the interaction between the
ghrelin mimetics and the ghrelin receptors, we employed the
selective ghrelin receptor antagonist H0900. We investigated
whether administration of H0900 could block the anti-
nociceptive effects of HMO1 (1 mg/kg) since this dose showed
efficacy in decreasing acetic acid-induced colonic hypersensi-
tivity in our previous experiments. Administration of HO900
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Figure | Induction of acute visceral hypersensitivity. Infusion of dilute acetic acid
into the rat colon (i.c.) (n=7) increased colonic sensitivity quantified as an increase
in the number of abdominal contractions when compared to saline controls (n=7).
Data are expressed as mean * SEM. Statistical significance was determined using
Two-Way Repeated Measure ANOVA followed by a Bonferroni post-test:
#####6<0.0001, compared to Saline control.

prevented the anti-nociceptive effects of HMO1 (1 mg/kg) as
we observed a main effect of pressure (F, 48=371.9,
p<0.0001), but no main effect of treatment (F; 45=1.494,
p=0.2276) on the number of abdominal contractions
(Figure 2B). We conducted a similar set of experiments
to test the efficacy of the peripherally restricted ghrelin
mimetic [PAM. Our findings revealed a main effect of pressure
(Fa, 1127240.1, p<0.0001) and treatment (F 112=20.4,
p<0.0001) after [IPAM (0.01-1.0 mg/kg i.v.). As illustrated in
Figure 3 A, rats that received the highest dose of [IPAM (1 mg/
kg i.v.) had a significantly lower number of abdominal con-
tractions at 40 mmHg (p<0.0001) and 60 mmHg (p<0.0001).
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Figure 2 Effect of HMOI (I, 3, 10, 30 mg/kg, p.o.) (n= 4—6/group) on acetic acid (AA) induced visceral hypersensitivity. (A) Administration of HMOI reversed the colonic
hypersensitivity as shown by the significant reduction of the visceral motor response (VMR) to colorectal distention (CRD). (B) In a separate cohort of animals,
administration of ghrelin antagonist H0900 (30 mg/kg, p.o.) reversed the antinociceptive effects of HMOI (1.0 mg/kg, p.o.) (n=7). Data are expressed as mean * SEM.
Statistical significance was determined using Two-Way Repeated Measure ANOVA followed by a Bonferroni post-test: *p<0.05, **p<0.01, ***p<0.001, compared to AA

+Vehicle; +p<0.05, compared to AA+HMO1+H0900.
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Figure 3 Effect of ipamorelin (IPAM) (0.01, 0.1, 1.0 mg/kg, i.v.) (n= 4-6/group) on acetic acid (AA) induced visceral hypersensitivity. (A) Administration of IPAM (1.0 mg/kg, i.
v.) reversed the colonic hypersensitivity as shown by the significant reduction of the visceral motor response (VMR) to colorectal distention (CRD). (B) In a separate cohort
of animals, administration of ghrelin antagonist H0900 (30 mg/kg, p.o.) reversed the antinociceptive effects of IPAM (I mg/kg, i.v.) (n=7). Data are expressed as mean + SEM.
Statistical significance was determined using Two-Way Repeated Measure ANOVA followed by a Bonferroni post-test **p<0.001, **p<0.0001, compared to AA+Vehicle; *

*p<0.01, ***p<0.001 compared to AA+IPAM+H0900.

Administration of the ghrelin antagonist H0900 prevented the
anti-nociceptive effects of IPAM (1 mg/kg) as we observed an
effect of pressure (F3, 48=146.2, p<0.0001), but not treatment
(F(1, 48=0.3262, p=0.5706) (Figure 3B).

Inhibition of Somatic Hypersensitivity by
Ghrelin Mimetics

Intracolonic infusion of dilute acetic acid also induced somatic
hypersensitivity, as our findings revealed that the withdrawal
threshold of animals that received acetic acid was significantly

(p<0.0001) (Figure 4A and B). Since our previous experi-
ments showed that HMO1 at 1 mg/kg and IPAM at 1 mg/kg
effectively decreased visceral hypersensitivity, the same doses
were used to assess whether these treatments also improved
acetic acid-induced somatic hypersensitivity. We observed
a main effect of treatment with HMO01 (1 mg/kg p.o.) on
withdrawal threshold (F, 3,=18.55, p<0.0001). Treatment
with HMO1 after acetic acid significantly increased the with-
drawal threshold (p=0.0001). Administration of HO0900
(30 mg/kg, p.o.) significantly decreased the withdrawal

lower when compared to animals receiving intracolonic saline  threshold when compared to animals treated with HMO1
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Figure 4 Effects of HMOI and ipamorelin (IPAM) on acetic acid (AA) induced increased somatic hypersensitivity. (A) Rats that received colonic acetic acid infusion (n=9) had
a significantly decreased in withdrawal threshold to probing with the von Frey filament when compared to rats receiving colonic saline infusions (n=9). Treatment with HMO|I
(1.0 mg/kg, p.o.) (n=9) restored the withdrawal threshold, whereas administration of the selective ghrelin antagonist H0090 (30 mg/kg, p.o.) (n=9) reversed the
antinociceptive effects of HMOI. (B) Rats that received colonic acetic acid infusion (n=9) had a significantly decreased in withdrawal threshold to probing with the von
Frey filament when compared to rats receiving colonic saline infusions (n=9). Treatment with IPAM (1.0 mg/kg, i.v.) (n=9) significantly increased the withdrawal threshold,
whereas administration of the selective ghrelin antagonist H0090 (30 mg/kg, p.o.) (n=9) reversed the antinociceptive effects of IPAM. Data are expressed as mean + SEM.
Statistical significance was determined using One-Way ANOVA followed by a Tukey’s multi-comparisons post-test, ####p<0.0001 compared to Saline; ***p<0.001,
#4%p<0,0001 compared to AA+Vehicle, **p<0.01, ****p<0.0001 compared to AA+HMOI+H0900 or AA+IPAM+H0900.
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(p=0.0057) to levels comparable to acetic acid treatment
(Figure 4A). We observed similar effects when rats were
treated with IPAM. Our findings revealed a main effect of
treatment with ipamorelin after acetic acid on withdrawal
threshold (F3, 32=71.85, p<0.0001), as IPAM (1 mg/kg, i.v.)
significantly increased withdrawal threshold (p<0.0001).
Administration of H0900 (30 mg/kg, p.o.) blocked the anti-
nociceptive effects of IPAM, as evidenced by a significant
decrease in withdrawal threshold (p<0.0001) which was com-
parable to acetic acid-treated animals (Figure 4B).

Discussion

In this study, we investigated the anti-nociceptive properties
of two ghrelin receptor agonists/ghrelin mimetics (HMO1
and IPAM) in a non-inflammatory rat model of acute visc-
eral and somatic hypersensitivity. Our results demonstrate
that the two ghrelin mimetics significantly attenuated visc-
eral hypersensitivity and somatic allodynia. In addition,
administration of the ghrelin receptor antagonist H0900
prevented the anti-nociceptive effects of the ghrelin
mimetics, suggesting that the anti-nociceptive properties
of ghrelin mimetics are mediated through a ghrelin recep-
tor-mediated mechanism.

Our results are supported by previous reports showing the
anti-nociceptive effects of ghrelin in models of inflammatory,
neuropathic, and acute pain, which could be blocked by
antagonizing GHSR-1a.>”"> In some of these studies, ghre-
lin exerted its anti-nociceptive effects by reducing the release
of pro-inflammatory cytokines and/or reducing overall
inflammation.>® In a model of neuropathic pain, adminis-
tration of ghrelin in the dorsal horn of the spinal cord
inhibited phosphorylation of p38 MAPK and the activation
of NF-kBp65, which are known to be involved in the upre-
gulation of pro-inflammatory cytokines.’ In a model of acute
pain, the anti-nociceptive effects of i.c.v. administered ghre-
lin were attenuated by the opioid receptor antagonist nalox-
one in the tail withdrawal and hot-plate test, showing that the
central opioid receptor system could also be involved in the
anti-nociceptive effects of ghrelin.?® Further evidence for the
interaction between ghrelin and the opioid system comes
from a study by Mao et al (2017). In a model of chronic
visceral pain, induced by maternal deprivation during early
life, subcutaneous ghrelin administration was capable of
inhibiting TRPV1 expression and increasing opioid receptor
expression in peripheral and central sites. As a result, ghrelin
administration attenuated chronic visceral pain.*

In contrast to some of the aforementioned studies, our
model of hypersensitivity was established in the absence of

an active inflammatory reaction. Therefore, the observed
anti-nociceptive effects of the ghrelin mimetics were likely
not due to their interaction with active immune cells. Using
an enema of low-concentrated acetic acid, we were able to
induce transient visceral hypersensitivity in absence of active
colonic inflammation. This concentration of acetic acid has
been previously shown to sensitize visceral afferents.!”'? In
this study, we also observed that transient sensitization of
colonic visceral afferents also leads to somatic hypersensi-
tivity, measured as a decrease in withdrawal threshold of the
hind-paw. These observations are explained by convergence
of visceral and somatic afferents, for instance at the level of
the spinal cord or higher brain centers. In this way, sensitiza-
tion of visceral afferents can alter central processing of both
visceral and somatic inputs, leading to increased visceral and
somatic nociception.’'>* In this model of visceral and
somatic hypersensitivity, ghrelin mimetics were able to
attenuate visceral and somatic hypersensitivity. The anti-
nociceptive effects of these ghrelin mimetics were mediated
through their interaction with the ghrelin receptors, as admin-
istration of the ghrelin receptor antagonist H0900 prevented
amelioration of visceral and somatic hypersensitivity.
Previous studies have shown that oral administration of
the ghrelin mimetic HMO1 can activate c-Fos neurons in
the brain and spinal cord.’>*> Moreover, the ghrelin recep-
tor is expressed in central regions related to pain transmis-
sion such as the hypothalamus and the midbrain.***” In
our study, it is possible that HMO1 could have activated
central and peripheral ghrelin receptor-mediated pathways,
which alleviated visceral and somatic hypersensitivity. In
contrast to HMO1, the ghrelin mimetic IPAM is not able to
cross the blood-brain-barrier, but can still show efficacy

administrated 21,38

when intravenously. Interestingly,
although peripherally restricted, our results indicate that
IPAM administration could also attenuate visceral and
somatic pain behaviors. Given the fact that a peripherally
restricted ghrelin mimetic could also alleviate visceral and
somatic hypersensitivity points toward a (partial) periph-
eral mechanism of the anti-nociceptive activity of ghrelin
mimetics. A caveat of this interpretation is that we cannot
exclude the potential influence of the central activity of
HMO1, as higher doses of HMO1 showed increasing effi-
cacy in ameliorating visceral hypersensitivity.

In conclusion, our data suggest that ghrelin receptor-
mediated mechanisms are involved in acute visceral and
somatic hypersensitivity. Hence, activating the ghrelin
receptor with ghrelin mimetics may offer a novel approach

for the treatment of acute visceral pain in IBS.
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IBS, irritable bowel syndrome; VMR, visceromotor behavioral
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tricular; HMO1, (N’-[(1S)-1-(2,3-dichloro-4-methoxyphenyl)
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p.o., per os; Veh, vehicle control.
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