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Exogenous ghrelin reduces glucose-stimulated insulin
secretion and endogenous ghrelin protects against hy-
poglycemia during starvation. Islet e-cells produce ghre-
lin and &-cells express growth hormone secretagogue
receptor (GHSR), suggesting the possibility of a paracrine
mechanism for islet ghrelin to reach high local concen-
trations and affect insulin secretion. GHSR has high
constitutive activity and may act independently of ghre-
lin. The objective in this study was to determine whether
an intraislet ghrelin-GHSR axis modulates insulin secre-
tion and glucose metabolism using mouse models lack-
ing ghrelin (Ghri~'") or GHSR (Ghsr~'~). Ghsr~’'~ and
Ghsr*’* mice had comparable islet ghrelin concentra-
tions. Exogenous ghrelin decreased insulin secretion in
perifused isolated islets in a GHSR-dependent manner.
Islets isolated from Ghrl~’~ or Ghsr~/~ mice did not differ
from controls in glucose-, alanine-, or GLP-1-stimulated
insulin secretion during perifusion. Consistent with this
finding, Ghri~’~ and Ghsr~’~ male mice studied after
either 6 or 16 h of fasting had blood glucose concen-
trations comparable with those of controls following
intraperitoneal glucose, or insulin tolerance tests, or
after mixed nutrient meals. Collectively, our data provide
strong evidence against a paracrine ghrelin-GHSR axis
mediating insulin secretion or glucose tolerance in lean,
chow-fed adult mice.

Ghrelin is a 28-peptide hormone originally discovered as
a ligand for the growth hormone secretagogue receptor
(GHSR) (1). Beyond its reported orexigenic properties and
role in feeding behavior (2), ghrelin has been proposed as
a mechanism for regulating fuel substrate metabolism in

health and during the challenges of high-fat diet (3-6),

starvation (4,7), and exercise (8). Leptin-deficient ob/ob
mice with a genetic deletion of ghrelin had improved
glucose tolerance and insulin secretion compared with
ob/ob mice (3). Exogenous ghrelin administration reduces
insulin secretion in rodents (9-12) and humans (13-15),
albeit at concentrations that exceed circulating values.
While most circulating ghrelin originates from the stom-
ach, pancreatic islet g-cells also express ghrelin (16-20),
and ghrelin concentrations in the rat pancreatic vein
exceed those measured in the pancreatic artery (12). It
is possible that local ghrelin levels within the islet may be
substantially higher than circulating concentrations. Within
the pancreatic islet, GHSR expression is localized to somato-
statin-secreting d-cells (20-22), supporting a mechanism
whereby ghrelin binds to GHSR to increase somatostatin
secretion, thereby reducing insulin secretion (21,22). Work
from several groups indicates that the GHSR has high
constitutive activity (23-28) and GHSR antagonism in-
creased insulin secretion during static rat islet culture (29)
and in the perfused rat pancreas (12), suggesting that either
islet ghrelin-dependent or ghrelin-independent (constitutive)
GHSR activity could regulate insulin secretion. Moreover,
whether ghrelin acts on islet GHSRs through endocrine or
paracrine mechanisms warrants further investigation.

The objective of the current study is to establish the role
of the islet ghrelin-GHSR axis in the physiologic regulation
of insulin secretion in rodents. We hypothesized that
removal of ghrelin or GHSR would increase insulin secre-
tion in response to stimuli, resulting in improved glucose
tolerance in vivo. This article describes a series of experi-
ments using genetic models of GHSR and ghrelin deletion
to determine their contributions to islet-intrinsic regula-
tion of insulin secretion.
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RESEARCH DESIGN AND METHODS

Animals

Animal studies were approved by the Duke University
Institutional Animal Care and Use Committee. Male and
female C57Bl/6J mice (8-12 weeks old) were used for
pharmacologic experiments where described. Cohorts of
transgenic animals lacking ghrelin (Ghrl™’~) or GHSR
(Ghsr~”7) included littermate, age-matched, and cage-
matched Ghrl"”* and Ghsr'”* controls. Transgenic lines
were on a C57Bl/6J background and backcrossed every
10 generations. All mice were fed standard chow for the
duration of study. In vivo experiments were performed at
8-10 weeks of age, and islets were isolated at 9-13 weeks of
age. Briefly, Ghrl™’~ mice were generated using high-
throughput recombinant VelociGene technology (30) and
obtained from Dr. Mark Sleeman (Regeron Pharmaceuticals,
Inc.) (31). Ghsr /™ mice have a loxP-flanked transcriptional
blocking cassette upstream of the GHSR gene and were
obtained from Drs. Joel Elmquist and Jeffrey Zigman
(University of Texas Southwestern Medical Center) (32).
Ghrl™’~ and Ghrl** mice were genotyped used a common
forward primer (5'-TCGTCCAGCAGTCCTTACTT-3’) and
wild-type reverse (5'-TTAGGGAGACAGACTGACTGA) and
knockout reverse (5'-AACAACCCGTCGGATTCTCC). Ghsr™ /™
and Ghsr™* mice were genotyped with primers (5'-GAT
GCT TGG GGA AGA GAG AAG TGA-3', 5'-CAG ATG TAG
CTA AAA GGC CTA TCA CA-3’, and 5'-CGG TCT CCA CCC
TTC ATT ACT TTA-3).

In Vivo Experiments

Intraperitoneal glucose tolerance tests (IPGTTs) (1.5 g/kg
body wt) were performed after a 6-h (8:00 AM.—2:00 p.M.) or
16-h overnight (7:00 p.M~11:00 aM.) fast during which mice
were kept on fresh Sani-Chips bedding with free access to
water. Fasting blood samples were collected at baseline to
measure total ghrelin before IPGTT. Mixed-meal tolerance
tests (MMTTs) were performed after a 6-h fast and con-
sisted of a 200-p.L oral gavage of Ensure. Tail vein blood
glucose was collected throughout experiments where in-
dicated, and insulin was measured at baseline and 10 min
after oral gavage where indicated (cat. no. 90080, Ultra-
Sensitive Mouse Insulin ELISA; Crystal Chem). Intraper-
itoneal insulin tolerance tests (ITTs) (0.5 units/kg body
wt) were performed after a 6-h fast. Body composition
was measured by nuclear magnetic resonance (NMR)
(Bruker minispec Whole Body Composition Analyzer).

Islet Isolation

Islets were isolated by inflating the pancreas with colla-
genase type V (0.8 mg/mL, in Hanks” balanced salt solu-
tion) injected retrograde through the pancreatic duct.
Digestion occurred at 37°C and was stopped with appli-
cation of ice-cold RPMI (2 mmol/L L-glutamine, 0.25%
BSA). Islets were separated from pancreatic tissue using
a histopaque gradient and allowed to recover in RPMI
(11.1 mmol/L glucose, 10% EBS, 1% penicillin/streptomycin)
overnight before experiments were performed.
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Islet Perifusion

For islet perifusion, 100 islets were handpicked and loaded
into 0.275-mL chambers containing Krebs-Ringer phosphate-
HEPES (KRPH) (140 mmol/L NaCl, 4.7 mmol/L KCl,
1.5 mmol/L CaCl,, 1 mmol/L NaH,PO,, 1 mmol/L
MgSOy, 5 mmol/L HEPES, 2 mmol/L NaHCOs;, 1% fatty
acid-free BSA) in 2.8 mmol/L glucose. Prior to all experi-
ments, KRPH with 2.8 mmol/L glucose was perifused at
a rate of 200 pwL/min for 48 min to equilibrate using the
BioRep Perifusion system. Following equilibration, experi-
mental conditions were applied and perifusate was collected
each minute. Acyl ghrelin (Bachem) and GLP-1 (AS-22463;
AnaSpec) were reconstituted according to the manufac-
turer’s instructions, and alanine was diluted in KRPH prior
to experiment. Perifusate insulin concentrations were mea-
sured with AlphalISA (PerkinElmer).

Measurement of Plasma and Tissue Ghrelin

For measurement of circulating ghrelin, tail blood was
collected after 6- or 16-h fasting and 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride was added (1 mg/mL
final concentration). After centrifugation, plasma was
acidified by addition of 1 N HCl and samples were stored
at —80°C until assay. For measurement of islet ghrelin,
~150 islets per mouse were isolated as described above
and lysed in 100 mmol/L glycine-HCl (0.1% BSA, pH 3)
with 4-(2-aminoethyl)benzenesulfonyl fluoride hydro-
chloride (1 mg/mL), vortexed, and stored at —20°C until
assay; ghrelin values were normalized to islet protein
content. These measures used a Rat/Mouse Ghrelin
ELISA (EZRGRT-91K; Millipore) that measured total
ghrelin (acylated and deacylated forms). A subset of islet
lysates were measured by Dr. Bruce Gaylinn at the
University of Virginia for acyl and desacyl ghrelin con-
tent using specific, two-site sandwich assays (33).

Analysis/Statistics

Data are presented as means * SEM, and glucose tolerance
is expressed as integrated area under the curve (AUC).
Analysis was done using GraphPad Prism. Comparisons
between genotypes were done within sex. Differences
between two groups were compared by unpaired ¢t test
or Welch test. Differences between more than two groups
were compared by one-way ANOVA with Sidak post hoc
test for selected comparisons. Tests are described in the
legend of figures and tables for each comparison.

RESULTS

Islet Ghrelin Content and Plasma Ghrelin
Concentrations

Ghrelin concentrations measured in islet lysates were
easily detectable in both the Ghsr™* (530 + 118 pg/mg)
and Ghsr™/~ (692 * 247 pg/mg) mice (P = 0.52 for the
between-group comparison), as well as the GhrI*”* mice
(462 * 61 pg/mg) (Fig. 14). Ghrl /™ mice had a minimal
amount of detectable ghrelin in islet extracts, though
considerably less than in GhrI”’* and at the very low end

of the standard curve of the assay (Fig. 14). In Ghrl /™ islet
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Figure 1—Ghrelin concentrations in islets and plasma for Ghsr™/~ and Ghri™'~ mice. A: Total islet ghrelin content did not differ between
Ghsr*’* and Ghsr™/~ and was significantly greater in Ghri*’* mice compared with Ghri~’~. Upon 1:1 dilution, most Ghri ™/~ islet ghrelin levels
were undetectable or below the range of detection. B: Islet desacyl ghrelin (DAG) was greater than acyl ghrelin (AG) after 2-h and 16-h fasts in
a subset of mice (n = 3 per group). C: Total ghrelin in plasma increased between 6-h and 16-h fasts in Ghsr*/* and Ghsr '~ male mice. Ghsr ™/~
had greater ghrelin after 16-h fast compared with Ghsr*’*, and no significant differences were detected between Ghsr~’~ and Ghsr*’* mice
after 6-h fast. Circulating total ghrelin was present in Ghri*’* and undetectable in Ghrl™’~ mice. All panels: mean + SEM, with each symbol
representing an individual animal. Unpaired t test (A); one-way ANOVA with Sidak post hoc test (C). P values are indicated between significant

comparisons. hr, hour; ND, not detectable; ns, not significant.

lysate samples (n = 10), one sample was below the range of
the assay (40 pg/mL, per the manufacturers specifications).
When the remaining nine Ghrl /™~ samples were diluted 1:1
with lysis buffer and the measurement was repeated, ghrelin
was undetectable or below the range in six samples, suggest-
ing that the peptide, if present at all, is very low in Ghrl /"~
mice. A limited number of islet lysates from wild-type mice
(n = 3 per group) were measured for acyl and desacyl ghrelin
after 2- or 16-h fasts. Acyl ghrelin was detectable (2-h fast
108 *= 16.2 pg/mL and 16-h fast 130 * 24.5 pg/mL);
however, desacyl ghrelin was greater in concentration (2-h
fast 1,551 = 467 pg/mL and 16-h fast 1,733 * 138 pg/mL)
(Fig. 1B).

To test the effect of fasting on circulating ghrelin
concentrations, we measured plasma ghrelin in male
(Fig. 1C) and female (Supplementary Fig. 1) Ghsr™/~
and Ghsr"’* mice after a 6-h (8:00 AM~2:00 pM) or 16-h

(overnight [7:00 p.M~11:00 aM)]) fast. Ghrelin concentrations
were greater after the overnight fast compared with the
6-h fast in all groups (Fig. 1C and Supplementary Fig. 1).
Male Ghsr™’~ mice had greater ghrelin concentration
after a 16-h fast compared with Ghsr™* (Fig. 1C), and
female Ghsr ’~ mice had a trend for increased ghrelin
compared with Ghsr*’* (P = 0.072) (Supplementary Fig.
1). Ghrl™’~ mice did not have detectable plasma ghrelin
(Fig. 10).

Glucose Tolerance and Insulin Sensitivity in Ghsr~/~
Mice

For determination of whether GHSR deletion alters glu-
cose metabolism in adult mice, glucose and insulin toler-
ance was compared in Ghsr’~ and control Ghsr™* mice
following 6 or 16 h of fasting. Ghsr ”~ mice had modestly
lower fasting glucose and body weight compared with
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controls (Table 1). However, after a 6-h fast, Ghsr /™ and
Ghsr*’* male mice had comparable glucose excursions and
insulin secretion (Fig. 2A). Similar decreases in blood
glucose were observed in Ghsr/~ and Ghsr™* mice during
the ITT (Fig. 2B), suggesting similar insulin sensitivity
between groups. Ghsr”* and Ghsr™’~ mice also had com-
parable responses to a mixed-nutrient challenge (Ensure)
(Fig. 2C). Given the important role of ghrelin to defend
against hypoglycemia during starvation, the effect of
GHSR removal on glucose tolerance was tested after an
overnight fast, when circulating concentrations of ghrelin
are elevated (Fig. 1C and Supplementary Fig. 1). Even in
this setting, Ghsr /"~ and Ghsr™" mice had similar glycemic
responses to intraperitoneal glucose (Fig. 2D).

Ghsr™’~ mice lost less weight over the course of the
16-h fast so that their body weights were comparable to
those of controls before the IPGTT (Table 1). There were
no differences in body composition (% lean mass, fat mass,
fluid) between Ghsr '~ and Ghsr*’* mice (Table 1). Glucose
tolerance following an intraperitoneal glucose challenge
was reanalyzed in a subset of Ghsr™* and Ghsr ™/~ mice (n =
4-11/group) of comparable weights (within 1 g), and when
body weight was matched, there was no detectable differ-
ence in glucose tolerance (data not shown). Therefore,
body weight differences are not masking differences in
glucose tolerance.

In parallel experiments with female Ghsr /™ and Ghsr™*
mice, results varied only slightly from males (Supplementary
Fig. 2). After a 6-h fast, Ghsr™’~ female mice had a modest
impairment of intraperitoneal glucose tolerance, in concert
with lower insulin secretion (Supplementary Fig. 24). Similar
to male mice, female Ghsr’~ mice did not differ from
Ghsr*’* controls in insulin sensitivity, glucose tolerance
during MMTT, or IPGTT following a 16-h fast (Supple-
mentary Fig. 2B-D). Ghsr /™ female mice did not differ in
body weight, fasting glucose, or weight loss in response to
16-h fast (Table 1). These data raise the possibility of a sub-
tle, sex-specific glucose phenotype in the absence of GHSR.
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Glucose Tolerance and Insulin Sensitivity in Ghri~/~
Mice

For testing of the importance of ghrelin in glucose and
meal tolerance, Ghrl™’~ and GhrI”* mice had a similar
series of experiments as described above. Following a 6-h
fast, male Ghrl /"~ mice had elevated fasting glucose
compared with Ghrl** (Table 2) but similar responses
to intraperitoneal glucose (Fig. 3A4), intraperitoneal insulin
(Fig. 3B), and oral mixed-nutrient challenges (Fig. 3C).
There were also no differences in fasting glucose concen-
trations or glucose excursion following a 16-h fast (Fig. 3D
and Table 2). Parallel experiments performed in Ghrl /~
and Ghrl*’* female mice (Supplementary Fig. 3 and Table 2)
conformed to the results in males: comparable intraper-
itoneal glucose tolerance (after both 6- and 16-h fasts) and
insulin sensitivity. However, female Ghrl’~ mice had
a small but significant decrease in glucose concentrations
following mixed-meal gavage (Supplementary Fig. 3C).
There were no differences in body composition between
Ghrl’~ and GhrI"/* male or female mice (Table 2).

Ghrelin Reduces Glucose-Stimulated Insulin Secretion
via the GHSR

To determine whether ghrelin or GHSR action within the
islet regulates insulin secretion, isolated islets were stud-
ied ex vivo in perifusion experiments. In the first experi-
ments, wild type islets received a graded glucose infusion in
the presence or absence of 10 nmol/L ghrelin (Fig. 4A).
While ghrelin had no effect on insulin secretion at
2.8 mmol/L glucose, it blunted the first-phase insulin
secretion at 8.3 mmol/L glucose and caused a ~40% re-
duction in total insulin secretion during 16.7 mmol/L
glucose. Thus, the inhibitory effect of 10 nmol/L ghrelin
became more obvious at higher glucose concentrations. This
paradigm was repeated in islets from Ghsr ™/~ mice to
evaluate the necessity of the GHSR to mediate the suppres-
sive effect of ghrelin on insulin secretion (Fig. 4B). In this
setting, ghrelin did not decrease insulin secretion at any

Table 1—Characteristics of Ghsr*’* and Ghsr~/~ male and female mice

Male Female
Variable Ghsr'* Ghsr ™/~ Ghsr'* Ghsr ™/~
Body composition (n=12) n=9 (n=12) (n=8)
% lean mass 758 £ 1.9 76.5 + 2.0 725+ 1.6 735 *+1.4
% fat mass 11.8 £ 1.6 10.6 = 2.1 139 £ 1.9 132 = 1.7
% fluid 47 + 0.3 4.8 + 0.2 5.2 + 0.3 5.2 + 04

Body weight before 6-h fast (g)
Body weight before 16-h fast (g)

Body weight after 16-h fast,
before IPGTT (g)

Weight loss over 16-h fast (g)
Fasting glucose, 6-h IPGTT (mg/dL)
Fasting glucose, 16-h IPGTT (mg/dL) 77.3 = 14.2 (n = 21)

252 + 2.0 (n = 21)
249 + 2.1 (n = 21)

202 + 1.5 (n = 12)
34 = 0.4 (=12

233 + 1.9 (n = 23)*
229 + 2 (n = 23)

197 19 (n=9)
3.0 = 05 (0= 9)
154.3 + 21.1 (n = 21) 141.9 + 18.6 (1 = 23)* 135.9 + 16.6 (1 = 23) 133.8 = 15.1 (n = 17)
68.4 + 10.3 (n = 23)"

20.3 + 1.4 (0 = 23)
201 + 1.4 (0 = 22)

20.4 = 1.0 (0 = 17)
19.7 + 1.1 (n = 17)

171 =11 (n = 12)
23+03 (=12

170+ 14(=7)
25+03(n=7)

68.7 + 7.8 (1=22) 62.9 = 11.43 (n = 17)t

Data are means + SD unless otherwise indicated. Body composition was gathered by NMR. Comparisons made with t test between
genotypes (within sex). TP < 0.1; *P < 0.05 compared with Ghsr*'".
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Figure 2—Glucose tolerance in Ghsr*’* and Ghsr™~’~ male mice. A: IPGTT (1.5 g/kg body wt) following 6-h fast and glucose AUC, insulin
concentrations at baseline (0 min) and 10 min, and change in insulin between 0 and 10 min. B: ITT (0.5 units/kg body wt). C: MMTT (200 p.L;
Ensure) and glucose AUC. D: IPGTT (1.5 g/kg body wt) following 16-h fast and glucose AUC. Glucose concentrations are shown as mean +
SEM, and glucose AUCs are shown as mean = SEM with each symbol representing an individual animal. Unpaired t test for all comparisons.

hr, hour; ns, not significant.

glucose concentration, demonstrating the necessity of the
GHSR for this effect.

Islet Ghrelin and GHSR Are Dispensable for Insulin
Secretion

To directly test whether islet ghrelin from e-cells regulates
insulin secretion, insulin secretion was compared in Ghrl "~
and GhrI** islets during a glucose ramp from 2.8 to
16.7 mmol/L (Fig. 5A). Islets from both male and female
mice were used and analyzed separately. However, there

were no differences in the sexes and the data from males
and females were combined for subsequent analysis. In-
sulin secretion did not differ between genotypes in
response to increasing glucose concentrations, indicating
that islet ghrelin has a minimal effect on glucose-stimulated
insulin secretion (GSIS). We then compared additional
B-cell stimuli, GLP-1 and alanine, in isolated islets from
both mouse strains. GLP-1 and alanine substantially in-
creased insulin secretion equally in Ghrl™/~ and GhrI**
islets (Fig. 5A-C). Thus, the presence of islet ghrelin does

Table 2—Characteristics of Ghrl*’* and Ghrl~’~ male and female mice

Male Female
Variable Ghrl*"* Ghrl™'~ Ghrl** Ghrl™'~
Body composition (n=12) (n=13) (n =15) (n=10)
% lean mass 73.5 = 3.1 72.8 = 3.7 75 = 3.6 75 + 4.2
% fat mass 13.7 £ 2.6 15 + 3.6 124 + 3.4 129 + 4.3
% fluid 49 = 0.6 47 = 0.2 4.7 = 0.3 4.8 = 0.2
Body weight before 6-h fast (g) 264 =19 (n=12) 26.3 =14 (n=13) 21 =1 (n=15) 22.7 =15 (n=11)F

Body weight before 16-h fast (g)
Fasting glucose, 6-h IPGTT (mg/dL)
Fasting glucose, 16-h IPGTT (mg/dL)

269 = 1.8 (n=12)

755 = 10.6 (0 = 12)

26.3 = 1.5 (0 = 13)
1453 = 17.5 (n = 12) 160.8 = 19.4 (0 = 13)* 162.3 + 22.2 (n = 16)
76.2 = 19.2 (n = 13)

21.0 08 (h=16) 222 £14(n=11)
172 = 10.3 (n = 11)

755 = 15.1 (1 = 16) 74.5 + 11.0 (n = 11)

Data are means =+ SD unless otherwise indicated. Body composition was gathered by NMR. Comparisons made with ¢ test or by Welch
test when SDs were different between genotypes (within sex). TP < 0.1; *P < 0.05 compared with Ghrl*’*.
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Figure 3—Glucose tolerance in Ghri*’* and Ghrl ™/~ male mice. A: IPGTT (1.5 g/kg body wt) following 6-h fast and glucose AUC. B: ITT (0.5
units/kg body wt). C: MMTT (200 p.L; Ensure) and glucose AUC. D: IPGTT (1.5 g/kg body wt) following 16-h fast and glucose AUC. Glucose
concentrations are shown as mean + SEM, and glucose AUCs are shown as mean = SEM with each symbol representing an individual
animal. A and D: Unpaired t test for all comparisons. C: Welch test. hr, hour; ns, not significant.

not affect insulin secretion in response to glucose, GLP-1,
or alanine.

The reportedly high constitutive activity of GHSR may
affect insulin secretion in the absence of ghrelin ligand
(12,23), so we compared islets from Ghsr™’~ and Ghsr™*
mice in a paradigm identical to that described for Ghrl ™/~
and Ghrl*"* islets. Similar GSIS was observed between
Ghsr '~ and Ghsr™* mice in a glucose ramp from 2.8 to
16.7 mmol/L (Fig. 6A). Both Ghsr/~ and Ghsr"" islets
responded similarly to GLP-1 and alanine (Fig. 6B and O),
suggesting that insulin secretion in response to incretins
and amino acids is not impacted by loss of GHSR. While
Ghsr ™/~ mice appeared to have higher insulin secretion
during vehicle treatment (Fig. 6 [time 75-125 min]), it was
not statistically significant.

DISCUSSION

Following the discovery of ghrelin as an orexigenic peptide,
there has been a steady accumulation of evidence support-
ing a role for the peptide in maintaining or modulating
glycemia via specific actions on B-cells (9-12,21,22,29).
Infusions of exogenous ghrelin to healthy humans de-
crease first-phase insulin secretion during intravenous
glucose administration (14,15) and impair B-cell function

after meal ingestion (34). In rodent models, pharmacologic
doses of exogenous ghrelin can inhibit insulin secre-
tion (12,21,22). These in vivo studies of the insulinostatic
effects of ghrelin in rodents and in humans have used
exogenous infusions of peptide that raised circulat-
ing ghrelin concentrations to supraphysiologic levels
(10,21,22,29)—even higher than what is seen under se-
vere caloric restriction. Thus, how these findings fit into
physiologic regulation is unclear. Ghrelin is produced by
g-cells in the islet (17,29), and arterio-venous differences
in ghrelin concentrations suggest net release from the
pancreas (12). Ghrelin action on GHSR increases somato-
statin and decreases insulin secretion (21,22), offering
a potential e-to-8-cell modulation of insulin secretion by
intraislet ghrelin or extrapancreatic ghrelin via endocrine
fashion. However, the GHSR’s unique constitutive activity
(23-25) offers a potential means to affect insulin secretion
in the absence of ghrelin. Based on these findings, we
hypothesized that an intraislet ghrelin system could reg-
ulate insulin secretion in a paracrine manner, assuming
that local islet ghrelin concentrations approximate the
high plasma levels achieved with exogenous infusions
that suppress insulin secretion. Using complementary
in vivo and ex vivo experiments with loss-of-function
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models for ghrelin and GHSR, we observed no significant
effects on glucose tolerance or insulin secretion. Based on
these results, we find no support for a mechanism in which
ghrelin released from &-cells, or constitutive GHSR activity
on other islet cells, regulates insulin secretion in lean adult
mice.

Numerous studies have pointed to a potential role for
ghrelin and GHSR in glucose tolerance regulation (3,4,12,35),
but the relative contributions of circulating or islet ghrelin
have not been thoroughly investigated. To address the
question of local regulation of insulin by ghrelin, we
isolated islets from mice lacking ghrelin or its receptor,
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GHSR. Using islet perifusion we were able to compare
a range of B-cell stimuli independent from endocrine and
neural influences to isolate the paracrine effect. In this
system, we report that the insulinostatic effect of exoge-
nous ghrelin is comparable to what has been demonstrated
in static islet culture (29) and perfused pancreata (12,21).
This effect was absent in Ghsr~~ islets, demonstrating the
necessity of this receptor for ghrelin’s action on insulin
secretion. In our hands, Ghsr™’~ and Ghrl™”~ islets secreted
insulin similarly to controls in response to glucose, GLP-1,
and alanine, suggesting that islet ghrelin and GHSR are
dispensable for insulin secretion. These ex vivo experi-
ments were amply powered, and the lack of differences
between ghrelin and GHSR knockouts and controls was
unequivocal. We compared in vivo glucose and insulin
tolerance in multiple cohorts of male and female Ghrl™/~
and Ghsr~’™ mice with their respective controls in response
to various stimuli (intraperitoneal glucose, oral mixed meal).
Moreover, given the apparent role of ghrelin to mitigate
hypoglycemia during starvation (7,36,37), and its rise to
maximal concentrations during fasting, we tested the roles
of ghrelin or GHSR following short- and long-term fasts.
This approach allowed us to interrogate persistent effects
on separate days and comprehensively characterize the
effect(s) of ghrelin and/or GHSR. We did not find evidence
that ghrelin-dependent or ghrelin-independent GHSR sig-
naling plays an important role in the shift from the fasted
to the fed state or in mediating whole-body glucose and
insulin tolerance in lean, adult mice.

We also examined the relevance of ghrelin or GHSR in
systemic glucose regulation. In response to a variety of

challenges, neither Ghsr /~ nor Ghrl/~ male mice had
glucose or insulin tolerance that differed appreciably from
controls. In male mice, Dezaki et al. (12) found nearly
twofold higher GSIS and twofold lower glycemic response
to IPGTT in overnight-fasted Ghrl ™/~ mice compared with
controls (n = 9-10 per group). Despite our increased
sample size and multiple paradigms of fasting and nutri-
ent stimulation, none of our in vivo testing recapitulated
this finding. While our results do not speak directly to the
studies on the role of ghrelin in maintaining basal blood
glucose during starvation (7,36,37), we did observe sig-
nificantly lower fasting glucose concentration in GHSR ™/~
male mice. This finding is consistent with previous studies
(32) and ghrelin’s inhibition of insulin secretion via locally
released somatostatin (21,22), as well as its effects to
stimulate GH secretion and lipolysis and enhance hepatic
gluconeogenesis (37). Taken together, our data suggest
that the ghrelin-GHSR axis is most relevant in the control
of fasting, rather than postprandial, glucose. Previous
studies have shown that ghrelin or GHSR deletion
improves glucose tolerance and prevents weight gain or fat
mass accumulation in mice with genetic or diet-induced
obesity (3,4,12,32,38). It is therefore possible that the
ghrelin system is more relevant and important in the
setting of extreme energy abundance or deficit. The role
of endogenous ghrelin and GHSR as it relates to glucose
metabolism appears, if at all, to be very modest in the lean
and nondiabetic rodent model during (-cell stimulation.

A functional intraislet ghrelin regulation system hinges
upon the availability of sufficient amounts of ghrelin
secreted by e-cells to signal to other endocrine cells,
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especially 3-cells. Detection of e-cells in adult mouse islets
has reported low numbers, with some studies unable to
detect e-cells (reviewed in 39). We found that total ghrelin
concentration measured from islet lysate was ~500 pg/mg
protein, despite only small numbers of g-cells visible in the
adult rat pancreas (40), human pancreas (19,20), and
pancreatic islets (16). Most studies of pancreatic ghrelin
have used gene expression (40), immunohistochemistry, or
immunofluorescence to mark its presence (29,41). To our
knowledge, no other measures of islet ghrelin content in
adult mouse islets have been published. Although compar-
isons across species and assays have limitations, the islet
ghrelin concentrations we detected are roughly compara-
ble with immunoassay measures of total ghrelin in fetal
rat pancreatic tissue (18). While it is unlikely that stomach-
produced ghrelin is present in considerable amount after
islet isolation and overnight culture, we cannot exclude its
contribution to our islet-ghrelin measure. Notably, the
majority of the detectable ghrelin in the mouse islet is
desacyl ghrelin (Fig. 1B). This is consistent with the
reported lack of ghrelin-O-acetyltransferase in mouse
islets to date (42). The relevance of desacyl ghrelin on
insulin secretion is unclear (22,43-45). In our experi-
ments, absence of islet ghrelin did not suggest a role for
ghrelin in modulating insulin secretion, as isolated Ghrl ™/~
islets did not differ from their respective controls in
response to a glucose ramp, alanine, and GLP-1. Our
ex vivo perifusions recapitulate our in vivo experiments
and indicate that ghrelin produced in the islet is dispens-
able for insulin secretion in adult mice.

The role of constitutive activity of the GHSR in the
regulation of insulin secretion was first investigated by

Dezaki and colleagues in a series of foundational studies
(10,12,29). Recent independent studies by DiGruccio et al.
(22) and Adriaenssens et al. (21) refined this mechanism
by demonstrating ghrelin action on 8-cell GHSRs (21,22),
signals through Gog (22), causing somatostatin secretion
to ultimately decrease insulin secretion (21,22). It is
important to note that GHSR has numerous downstream
signaling cascades (Gaq, Gay, B-arrestin) that are impli-
cated for its different effects in pancreatic and nonpancre-
atic target tissues (27). Pharmacologic agents differentially
affect the ligand-dependent and -independent signaling of
GHSR (28), necessitating a reevaluation of previously
published studies. For example, [D—Lysg]—GHRP—G, a pur-
ported GHSR antagonist used by Dezaki and colleagues,
increased GSIS in rat islets and perfused pancreas
(10,12,29); however, it can act as a biased antagonist
for B-arrestin and promote GHSR internalization instead
of antagonizing Gay signaling (28). To avoid any bias or
misinterpretation due to pharmacologic agents, we used
Ghsr~/™ mice. Our ex vivo islet perifusion data allow us to
confidently conclude that Ghsr ™~ islets do not have
altered sensitivity to insulin secretagogues and that en-
dogenous ghrelin signaling in the islet has a limited role
in the local regulation of insulin secretion.

There are several important limitations to our study
that must be considered in interpreting our results. First,
our study leaned heavily on genetic mouse models with
lack of either ghrelin or GHSR throughout their life span.
Ghrelin-positive cells in the islet are greatest during ges-
tation (~10% of human islet cells) and less frequent in
adults (16,20,46), suggesting that islet ghrelin may be
more important during development (18,39). It can be
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argued that developmental knockouts adapt to elimination
of important systems with compensatory mechanisms that
could blur the impact of specific loss of function. However,
these mouse lines have demonstrated phenotypes to pre-
vent diabetes and obesity (3,4,12,32), so compensatory
mechanisms for the gene deletions are not complete.
Second, while we did detect some minor differences be-
tween genotypes in female mice, we did not adjust for
estrus cycle, and it is possible that our data could be
influenced by differences in dietary intake or metabolic
changes that occur during estrus cycles (47,48). While
others have reported that orexigenic actions are inhibited
by estrogen (47), we caution overinterpretation of our
reported sex differences, as such effects were not observed
in the 16-h fast IPGTT or during the MMTT. Third, the
genetic deletion of GHSR approach does not test the
contribution of GHSR constitutive activity to insulin se-
cretion directly. However, there is no “pure” GHSR inverse
agonist available currently to address this question, and
our study does not examine potential theoretical hetero-
dimerization of GHSR with other G-coupled protein recep-
tors (49). Finally, we did not study either of our animal
lines following diet-induced obesity or when crossed onto
genetic models of obesity—settings where other groups
have demonstrated important effects of ghrelin signaling
on glucose tolerance (4,12,32). While our focus was on the
potential role of islet ghrelin signaling in lean mice, it may
be that the GHSR has a role in glucose regulation during
caloric excess.

In summary, the results presented here demonstrate
that, in adult murine islets, ghrelin and GHSR activity
are dispensable for insulin secretion under stimulated con-
ditions (intraperitoneal glucose, mixed-meal gavage). More-
over, under stimulated conditions, this ligand-receptor pair
does not affect glucose tolerance in healthy chow-fed male
and female mice. Disruption of the ghrelin-GHSR axis
produced strongest effects on glucose concentrations during
fasting, suggesting a setting where local ghrelin-GHSR
action may be most relevant. Specifically, how this disrup-
tion in fasting glucose could affect normal physiology or
conditions of metabolic disturbance is still undetermined.
Our findings favor a system whereby any ghrelin effects on
nutrient-stimulated insulin secretion come from outside the
pancreas, either through the circulation or nervous system,
rather than from within the islet.
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