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Emerging evidence supports the importance of ghrelin
to defend against starvation-induced hypoglycemia.
This effect may be mediated by inhibition of glucose-
stimulated insulin secretion as well as reduced insulin
sensitivity. However, administration of ghrelin duringmeal
consumption also stimulates the release of glucagon-
like peptide 1 (GLP-1), an incretin important in nutrient
disposition. The objective of this study was to evaluate
the interaction between ghrelin and GLP-1 on parame-
ters of glucose tolerance following a mixed-nutrient
meal. Fifteen healthy men and women completed the
study. Each consumed a standard meal on four separate
occasions with a superimposed infusion of 1) saline, 2)
ghrelin, 3) the GLP-1 receptor antagonist exendin(9-39)
(Ex9), or 4) combined ghrelin and Ex9. Similar to previous
studies, infusion of ghrelin caused glucose intolerance,
whereas Ex9 had a minimal effect. However, combined
ghrelin and Ex9 resulted in greater postprandial glycemia
than either alone, and this effect was associated with
impaired b-cell function and decreased glucose clear-
ance. These findings suggest that in the fed state, stim-
ulation of GLP-1 mitigates some of the effect of ghrelin
on glucose tolerance. This novel interaction between gas-
trointestinal hormones suggests a system that balances
insulin secretion and glucose disposal in the fed and
fasting states.

The importance of the enteroendocrine system in nutrient
sensing and assimilation is increasingly recognized. Through-
out a meal, the gastrointestinal (GI) hormones act in concert
to regulate gastric acid secretion, GI motility, glucose ho-
meostasis, appetite, and food intake. Each of the more than

20 known GI hormones was initially thought to be produced
by specific enteroendocrine cells, but it is now understood
that these cells are plastic and express a range of peptide
precursors (1). This finding suggests flexibility and coordi-
nation of the GI endocrine system to regulate biological
functions.

Two gut peptides that have received considerable at-
tention in recent years are glucagon-like peptide 1 (GLP-1)
and ghrelin. GLP-1, a posttranslational product of proglu-
cagon, is secreted by the L cells of the distal gut during
meal ingestion. GLP-1 reduces postprandial glucose excur-
sions through its combined effects to stimulate insulin
release, inhibit glucagon secretion, and delay gastric emp-
tying (2). This suite of activities promotes glucose toler-
ance and is sufficiently potent that GLP-1 receptor (GLP-1R)
agonists are now applied to the treatment of type 2
diabetes. Ghrelin is an orexigenic hormone produced by
neuroendocrine cells in the stomach (3). The ghrelin re-
ceptor, also termed the growth hormone secretagogue
receptor 1a (GHSR-1a), is highly expressed in the pituitary
gland, islet d-cells, and the GI tract, including the L cells
(4,5). Ghrelin levels peak before an anticipated meal and
decline with nutrient intake, as GLP-1 levels rise (2,4).
Accordingly, many of the functions of ghrelin are the in-
verse of GLP-1: ghrelin accelerates GI motility, suppresses
glucose-stimulated insulin secretion (GSIS), and impairs
glucose tolerance (4,6,7).

Previous studies in humans and rodents indicate that
ghrelin, given at pharmacological doses, stimulates GLP-1
secretion during a meal (5,8). These findings suggest an
interaction between ghrelin and GLP-1 on glucose metab-
olism. We hypothesized that stimulation of GLP-1 release
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by ghrelin would attenuate the effects of ghrelin to limit
insulin secretion and impair glucose tolerance. To test this
hypothesis, healthy men and women were given ghrelin
and/or the GLP-1R antagonist exendin(9-39) (Ex9) during
standard mixed-nutrient meals.

RESEARCH DESIGN AND METHODS

Subjects
Healthy men and women aged 18–45 years with a BMI of
18–29 kg/m2 were recruited from the greater Cincinnati
area. Subjects with a personal or family history of diabetes
or active medical problems including renal, hepatic, and
endocrine disorders or who were on medications known to
alter glucose metabolism were excluded.

All study procedures were conducted in the Clinical
Translational Research Center at the Cincinnati Children’s
Hospital Medical Center (CCHMC). All study participants
gave informed consent for the study by signing a form
approved by University of Cincinnati and CCHMC insti-
tutional review boards.

Synthetic human acyl ghrelin and Ex9 were obtained
fromCSBio (Menlo Park, CA). 6,6-[2H2]-glucose and [U-

13C]-
glucose were obtained from Cambridge Isotope Laboratories
(Tewksbury, MA). Synthetic acyl ghrelin (active ghrelin) and
Ex9 were used under research Investigational New Drug
applications (79,009 and 65,837) from the U.S. Food and
Drug Administration.

Experimental Protocol
Subjects arrived at the CCHMC Clinical Translational Re-
search Center between 0730 and 0800 after a 10–12 h fast
on four occasions separated by at least 1 week. Intravenous
catheters were placed in veins of both forearms for blood
sampling and infusion of test substances. The arm with the
sampling catheter was placed in a 55°C chamber to arte-
rialize venous blood.

On the morning of the four study days, a priming dose
of 6,6-[2H2]-glucose (22 mmol/kg) was given at2120 min,
followed by a continuous infusion at 0.22 mmol/kg/min
throughout a 240-min mixed-meal tolerance test (MTT).
A bolus injection of 0.28 mg/kg of synthetic human
acyl ghrelin, 25 mg/kg of Ex9, combined acyl ghrelin
and Ex9, or 5 mL of 0.9% saline was given intravenously
at 230 min, followed by continuous infusion of acyl
ghrelin at 2mg/kg/h (0.6 nmol/kg/h), Ex9 at 0.15 mg/kg/h
(750 pmol/kg/h), combined acyl ghrelin and Ex9, or 0.9%
saline; these primed peptide infusions were designed to
achieve steady state prior to the MTT based on previous
studies. We have previously shown that the 2mg/kg/h dose
of ghrelin suppresses intravenous GSIS (9), whereas
0.15 mg/kg/h of Ex9 blocks 90% of supraphysiological
GLP-1–induced insulin release (10). The infusions were
continued throughout the MTT, which occurred on four
separate occasions in a random order. Following 30 min of
saline, ghrelin, and/or Ex9 infusion, subjects consumed
a mixed meal consisting of 50 g of glucose solution, 1 g of
[U-13C]-glucose, and 50 g of eggs and cheese (585 kcal, 51%

carbohydrates, 31% fat, 18% protein) within 10min. Blood
samples were collected at 10–30 min intervals during the
300-min tracer infusion period.

Blood samples for tracer activity and insulin measure-
ment were collected in EDTA tubes. Anti-protease cocktail
containing aprotinin and EDTA were added to tubes for
C-peptide measurement. Blood samples were placed on ice
and plasma separated by centrifugation within 1 h; plasma
or serum was stored at280°C until assay. Vital signs were
monitored every 15 min during the study procedure.

Assays
Details of biochemical assays were described previously
(6,11). Briefly, blood glucose concentrations were deter-
mined at the bedside using a glucose analyzer (YSI 2300
STAT Plus; Yellow Springs Instruments, Yellow Springs,
OH). Plasma immunoreactive insulin and C-peptide levels
were measured by ELISA, as we have reported in the past
(10). Plasma enrichment of [U-13C]-glucose and 6,6-[2H2]-
glucose was measured by gas chromatography–mass spec-
trometry as described previously (12). All samples were run
in duplicate, and all specimens from a given participant
were run in the same assay.

Calculations
Fasting/baseline values of insulin and glucose were taken
as the mean of samples drawn at 210 and 21 min before
the MTT. Integrated values of glucose and insulin were
expressed as area under the response curve (AUC) over the
level before meal ingestion. Insulin secretion rate (ISR)
was derived from plasma C-peptide concentrations us-
ing a deconvolution model with population estimates of
C-peptide clearance (13) using MLAB (Civilized Software
Inc., Bethesda, MD). To correct for differences in post-
prandial glucose among the four conditions, incremen-
tal insulin levels in response to the meal were summed
as DAUC insulin/DAUC glucose0–240 min (DAUC I/DAUC
G0–240 min). Insulin sensitivity during the meal was com-
puted with the oral glucose insulin sensitivity (OGIS) index
(14,15) and the Matsuda index (16). The disposition index
(DI) was calculated as (DAUC I/DAUC G0–240 min)3Matsuda
index0–240 min.

b-Cell function during the MTT was studied using
a previously validated model (15,17) that expresses ISR
as the sum of two components: 1) rate sensitivity Kd,
which accounts for the effect of the rate of change in
glucose concentrations on ISR and represents principally
early insulin release, and 2) glucose sensitivity (the slope of
ISR and blood glucose concentration), which accounts for
the impact of changes in glucose concentration on ISR. The
glucose sensitivity was computed separately for the first
part of the MTT, as glucose levels increased to peak values,
and for the latter part, as they declined toward fasting
levels (12).

Total rate of postprandial glucose appearance (total Ra)
was calculated by modeling 6,6-[2H2]-glucose enrichment
using mathematical models as previously described (11).
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Fasting endogenous glucose production (EGP) was calcu-
lated as the ratio of 6,6-[2H2]-glucose infusion rate to
plasma tracer enrichment (tracer-to-tracee ratio 6,6) from
measurements obtained in the last 20 min of the basal
tracer equilibration period, when plasma glucose concen-
tration and 6,6-[2H2]-glucose enrichment are stable. The
contribution of meal (exogenous) glucose appearance (Ra

meal) and EGP to total Ra during the MTT was calculated
using the [U-13C]-glucose enrichment data. Peripheral
glucose disposal (Rd) was calculated by subtracting the
rate of change of plasma glucose mass from total Ra.
Glucose clearance was estimated during the MTT using
Rd divided by glucose concentration (mL/kg/kg). Insulin
clearance was calculated for both fasting and fed states by
dividing ISR basal by fasting insulin and AUC ISR0–240 min

by AUC I0–240 min, respectively (18).

Statistical Analysis
The primary analysis was the effects of the treatments on
glucose tolerance using comparison of postprandial glu-
cose AUC. Secondary analyses included ghrelin effects on
postprandial insulin secretion and clearance and glucose
fluxes. Primary and secondary comparisons were made
using repeated-measures ANOVA to compare the treat-
ment measures. Comparisons were made between saline
and ghrelin infusions as well as ghrelin and combined
ghrelin and Ex9 infusions, unless otherwise specified. A
nonparametric variation of the ANOVA model (Friedman
test) was used when there was a significant departure of
the data from parametric assumptions. Holm-�Sidák and
Dunn multiple comparison tests were used for post hoc
analysis of parametric and nonparametric data, respec-
tively. Data were analyzed using GraphPad Prism, version
7.0 (GraphPad Software) and Statview (SAS). All results
are expressed as mean 6 SD unless otherwise noted.

RESULTS

Subject Characteristics
The fifteen volunteers (9 males and 6 females) were aged
mean 6 SD 26.0 6 5.7 years (range 20–44 years) and had
a BMI of 25.2 6 3.0 kg/m2 (range 18.9–29.2 kg/m2). The
fasting blood glucose for the group was 88.96 5.8 mg/dL;
the fasting plasma insulin was 6.6 6 4.4 mU/L.

Effects of Exogenous Ghrelin and GLP-1R Blockade on
Glucose Tolerance and Insulin Secretion
Intravenous ghrelin increased postprandial glucose AUC
compared with saline (P = 0.0005) (Fig. 1A and B and Table
1). The addition of Ex9 to ghrelin caused postprandial
glucose to be significantly elevated compared with ghrelin
alone (P = 0.03). This interaction supports an effect of
GLP-1 to attenuate ghrelin action and provide a counter-
balance to the negative effects of ghrelin on glucose tol-
erance after eating.

Plasma insulin AUC during the MTT was higher with
the ghrelin infusion compared with the saline infusion (P =
0.005) (Fig. 1C and D and Table 1). However, when the

relative hyperglycemia was taken into account (DAUC
I/DAUC G0–240 min), there was no difference between
the two treatments (P = 0.052) (Fig. 1F and Table 1). Meal-
induced insulin secretion during the Ex9 infusion did not
differ from saline (P. 0.9999), and the addition of Ex9 to
ghrelin did not alter insulin secretion compared with ghrelin
alone (P . 0.9999). The ISR, derived from C-peptide, was
not significantly different among the four treatment groups
(P = 0.26) (Fig. 1E and Table 1). Similarly, b-cell sensitivity
to glucose (slope) was unaffected by ghrelin alone but
decreased with combined ghrelin and Ex9 compared with
saline (P # 0.0001) (Fig. 2A and Table 1). The rate sensi-
tivity (Kd) was decreased by ghrelin infusion compared with
saline (P = 0.006), but the addition of Ex9 did not further
reduce Kd (P . 0.9999) (Fig. 2B and Table 1).

Effects of Exogenous Ghrelin and GLP-1R Blockade on
Insulin Sensitivity and DI
Compared with the saline control, ghrelin decreased
insulin sensitivity during the MTT as estimated by
OGIS0–180 min (P , 0.0001) (Fig. 2C and Table 1). Ex9
had no effect on OGIS compared with saline. Insulin sen-
sitivity, estimated by the Matsuda index, was not different
between the ghrelin and saline treatments (P . 0.9999)
(Fig. 2D and Table 1). The DI was not affected by ghrelin
alone, but the addition of Ex9 to ghrelin caused significantly
lower b-cell function compared with saline (P, 0.0001) (Fig.
2E and Table 1). Ghrelin treatment did not alter fasting
insulin clearance but decreased meal-stimulated insulin
clearance compared with saline (P = 0.039) (Fig. 2F and
Table 1). Similarly, combined ghrelin and Ex9 treatment
decreased insulin clearance during the MTT (P = 0.0038).

Effects of Exogenous Ghrelin and GLP-1R Blockade on
the GI Hormone Peptide YY
Ghrelin infusion increased postprandial peptide YY (PYY)
secretion compared with saline (P = 0.0021) (Supplemen-
tary Fig. 1 and Table 1). GLP-1R blockade had similar
effects to ghrelin, elevating PYY levels versus saline (P =
0.0004). Combined ghrelin and Ex9 treatment further
raised PYY levels compared with the ghrelin infusion alone
(P = 0.0028).

Effects of Exogenous Ghrelin and GLP-1R Blockade on
Postprandial Glucose Turnover
Total Ra during the test meal did not differ among the four
treatments (Fig. 3A and B and Table 1). However, when the
contributions of exogenous and endogenous glucose
were evaluated separately, ghrelin increased Ra meal
(Ra 0–120 min) compared with saline (P = 0.02) (Fig. 3C and D
and Table 1). EGP was increased by the combined ghrelin
and Ex9 treatment as compared with saline (P = 0.04)
(Fig. 3E and F and Table 1). There was no difference in Rd

among the four treatments (Fig. 4A and B). Ghrelin de-
creased glucose clearance compared with saline (P = 0.023),
and the combined ghrelin and Ex9 treatment further
decreased this parameter compared with ghrelin alone
(P = 0.023) (Fig. 4C and D and Table 1).
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DISCUSSION

The optimization of nutrient disposal and the mainte-
nance of normal glucose tolerance require the coordi-
nated actions of multiple factors. The role of GI
hormones in this process is generally established,
but there is little information about interactions
among them. Because ghrelin and GLP-1 have primarily
opposing actions on glucose metabolism but ghrelin
stimulates GLP-1 secretion (5,8) we hypothesized an

interaction. The current study demonstrates that ghrelin-
induced GLP-1 dampens the effects of ghrelin to suppress
b-cell function and worsen glucose tolerance. This effect
was mediated by b-cell glucose sensitivity and hepatic
glucose production. These findings suggest that ghrelin,
which is elevated in the fasting state and at the onset of
meals, engages GLP-1, and possibly other gut hormones
such as PYY, in the regulation of glucose homeostasis
during feeding.

Figure 1—Effects of ghrelin, Ex9, and combined ghrelin and Ex9 treatment on plasma glucose (A andB), insulin (C andD), ISR (E), and insulin
corrected for glucose (F ) during the 240-minMTT. Statistical comparisons weremade between saline and ghrelin treatments and ghrelin and
combined treatments. *P , 0.05; **P , 0.01; ***P , 0.001.
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The major effects of ghrelin, such as enhancing olfac-
tory sensitivity and promoting food intake, increasing
growth hormone secretion and lipolysis, restricting pe-
ripheral glucose uptake, and restraining insulin secretion
to prevent hypoglycemia, can all be linked as a protective
mechanism against starvation (19–21). Specifically, during
caloric restriction, the presence of ghrelin is essential for
prolonging survival by regulating islet hormone and ghre-
lin secretion and promoting hepatic gluconeogenesis to
maintain euglycemia (22,23). During short-term fasting,
elevated endogenous ghrelin decreases insulin secretion
from b-cells indirectly by stimulating somatostatin re-
lease from d-cells within the pancreatic islet (24,25). Ghre-
lin also enhances lipolysis and decreases insulin action by
both counterregulatory hormone–dependent (4,22,26)
and –independent mechanisms (8,27). In the current study,
we demonstrate that, in fed state, supraphysiological levels
of ghrelin decreased insulin sensitivity and glucose clearance
impairing glucose tolerance, consistent with our previous
reports (8).

We and others have shown that ghrelin stimulates
postprandial GLP-1 secretion (5,8). In mice, an intraper-
itoneal injection of ghrelin 15 min before an oral glucose
tolerance test not only stimulated GLP-1 secretion but also
increased GSIS and improved glucose tolerance (5). These
effects were lost in mice coinjected with the GLP-1R
antagonist exendin-4 and not seen in the GLP-1R knock-
out mice. Thus, this elegant study by Gagnon et al. (5)
demonstrated that the improved glucose tolerance with
preprandial ghrelin injection was due to the enhanced
GLP-1 secretion and the activation of the GLP-1R. In

healthy humans, continuous infusion of ghrelin through-
out a MTT increased total GLP-1 secretion nearly threefold
but still caused glucose intolerance (8). Thus, it seemed
that any positive effects of elevated GLP-1 on glucose
tolerance were overwhelmed by ghrelin-induced insulin
resistance and impaired b-cell function. However, we could
not determine the relative contribution of increased GLP-1
to those parameters. In the current study, we attempted to
answer whether ghrelin-stimulated GLP-1 secretion can
offset some of the negative effects of ghrelin on prandial
glucose metabolism. By blocking GLP-1 action with Ex9
during ghrelin infusion and an MTT, we report herein
further impairment of glucose tolerance, decreased b-cell
function, increased EGP, and reduced glucose clearance
compared with ghrelin treatment alone. These results in-
dicate a balance between ghrelin and GLP-1 effects in
our experiment. Removing the effects of GLP-1, through
GLP-1R blockade, allows the negative effect of ghrelin on
b-cell function to become more apparent. We cannot make
any conclusions as to whether and how much a ghrelin–
GLP-1 interaction occurs during normal feeding, when there
is endogenous secretion of ghrelin. However, these findings
provide a proof of principle for a regulation of the effects of
one gut hormone by another.

In the current study, we also found that ghrelin infusion
enhanced postprandial PYY secretion. Similar to GLP-1,
PYY is an intestinal hormone that rises after meals, slows
gastric emptying, and decreases appetite (28,29). Consis-
tent with these common effects, PYY is colocalized and
cosecreted with GLP-1 from human colonic L cells (30).
Given that ghrelin stimulates GLP-1 secretion, the finding

Table 1—The effects of ghrelin, Ex9, and combined ghrelin and Ex9 treatment on glucose tolerance, insulin secretion, insulin
sensitivity, insulin clearance, and postprandial glucose flux in healthy men and women

Saline Ghrelin Ex9 Combined P

AUC G0–240 min (mg/dL) 5,201 6 1,806 8,634 6 3,238* 5,209 6 2,647 11,196 6 3,912† ,0.0001

AUC I0–240 min (mU/L) 5,949 6 3,138 9,967 6 6,907* 5,678 6 2,673 10,408 6 7,161 0.0002

DAUC I/DAUC G0–240 min 159.2 6 53.5 132.8 6 78.8 220.3 6 312.8 98.2 6 53 0.0523

AUC ISR0–240 min (pmol/min) 90,710 6 41,439 98,229 6 38,765 85,724 6 35,692 93,337 6 57,799 0.2572

Slope (pmol/min/mmol/L) 164.5 6 83.9 127.1 6 93.3 149 6 102.3 86 6 66.4† 0.0002

Kd (pmol/mmol/L) 1,290 6 1,197 642.6 6 1,091* 1,154 6 875.3 668.1 6 765.9 0.0078

Matsuda index 10.25 6 9 8.8 6 5.3 8 6 3 6.6 6 3.7 0.0356

OGIS0–180 min (mL/min/kg) 10.2 6 1.8 8.7 6 1.7* 9.4 6 1.2 8.5 6 1.8 ,0.0001

DI 1,478 6 1,096 1,015 6 561 1,971 6 3,438 533 6 244† ,0.0001

Fasting insulin clearance (mL/min) 2.35 6 1.5 2.75 6 1.5 2.29 6 1.05 1.83 6 0.66 0.0476

Meal insulin clearance (mL/min) 1.29 6 0.8 1.01 6 0.605* 1.17 6 0.427 0.817 6 0.398 0.0011

AUC PYY (pg/mL) 2,936 6 1,187 4,337 6 1,573* 4,765 6 2,029 7,587 6 2,189† ,0.0001

AUC total Ra0–240 min (mmol/min/kg) 3,864 6 485.5 4,156 6 632.6 3,916 6 425.6 4,130 6 506 0.1718

AUC Ra meal0–120 min (mmol/min/kg) 1,981 6 306.4 2,294 6 485.1* 1,821 6 461.8 2,228 6 330.7 ,0.0001

AUC EGP0–240 min (mmol/min/kg) 1,126 6 395.7 1,407 6 568.6 1,243 6 429.6 1,428 6 423.6 0.0208

AUC glucose clearance0–240 min (mL/min/kg) 674.1 6 102.1 589.4 6 107.6* 646 6 97.5 528.7 6 88.3† ,0.0001

Data are mean 6 SD. Comparisons were made between 1) ghrelin and saline and 2) ghrelin and combined treatments. *P , 0.05 acyl
ghrelin vs. saline; †P , 0.05 acyl ghrelin vs. combined.
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that PYY release is also enhanced by ghrelin is novel but
not totally surprising. GLP-1R blockade also increased PYY
levels compared with saline. Previous studies have shown
increased postprandial GLP-1 release during Ex9 infusion
(31); thus, we suspect the increased PYY secretion was
again related to cosecretion with GLP-1. Notably, the
combined ghrelin and Ex9 treatment resulted in further
enhancement in PYY secretion compared with ghrelin
alone. PYY can affect parameters such as insulin secretion

and sensitivity. We cannot delineate the contributions of
increased PYY to these parameters in our current study,
but our findings highlight the complexity of GI hormone
interactions affecting glucose metabolism.

Ghrelin treatment alone did not have a significant
impact on EGP, a finding consistent with previous obser-
vations made by Vestergaard et al. (27) and Tamboli et al.
(32). However, the addition of GLP-1R blockade to ghrelin
increased EGP. This result agrees with prior studies that

Figure 2—Effects of ghrelin, Ex9, and combined ghrelin and Ex9 treatments on slope (A), Kd (B), insulin sensitivity (C and D), DI (E), and meal
insulin clearance (F ). AG, acyl ghrelin. With the exception of slope and DI, statistical comparisons were made between saline and ghrelin
treatments and ghrelin and combined treatments. For slope and disposition index, an additional analysis was performed comparing saline
and combined treatment in A and E. *P , 0.05; **P , 0.01; ****P , 0.0001.
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Figure 3—Effects of ghrelin, Ex9, and combined ghrelin and Ex9 treatments on total Ra (A and B), exogenous Ra meal (C and D), and EGP
(E and F ) during the MTT. AG, acyl ghrelin. With the exception of EGP, statistical comparisons were made between saline and ghrelin
treatments and ghrelin and combined treatments. For EGP (F) we performed an additional analysis comparing saline and combined
treatment. *P , 0.05.
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have demonstrated that GLP-1 reduces EGP by both islet-
dependent (33,34) and islet-independent mechanisms
(35,36). In addition to fasting, pathological states such
as anorexia nervosa yield a pattern of GI hormones similar
to those in our study, with elevated circulating ghrelin and
attenuated GLP-1 (37,38). Decreased insulin levels resulting
from high ghrelin and low GLP-1 promotes lipolysis, glyco-
genolysis, and gluconeogenesis, which are clearly beneficial
in that condition (38). The physiological relevance of these
findings and the interplay between ghrelin and GLP-1 in
clinical states is worthy of further investigation.

Ghrelin is structurally similar to motilin (39), and
ghrelin’s effect to enhance GI motility and gastric acid
production (7,40) is consistent with a role to prepare the
gut for incoming nutrients and it complements the orexi-
genic action for which ghrelin is best known. The thera-
peutic potential of using ghrelin mimetics to treat
postoperative ileus and gastroparesis has been explored
(40,41), but the effect of ghrelin on glucose flux during
a meal has not, to our knowledge, been studied previously.
In contrast to ghrelin, GLP-1 is known to delay gastric
emptying and decrease oral Ra, and blockade with Ex9
treatment accelerates gastric emptying (42). As mentioned
previously, PYY also slows gastric emptying (28). Using
glucose tracers, we observed that supraphysiological
amounts of ghrelin increased Ra meal. This finding is
best explained by the well-known effect of ghrelin to speed

gastric emptying in healthy individuals and those with
type 2 diabetes (4,43). Notably, rapid gastric emptying
likely accounts for much of the effect of ghrelin on post-
prandial glucose in our subjects, with diminished glucose
clearance constituting the remainder. We were initially
surprised that the combined ghrelin and GLP-1R blockade
did not further augment Ra meal. However, the combined
treatment enhanced PYY secretion to a greater extent than
ghrelin alone, which may have curbed additional acceler-
ation of gastric emptying by Ex9.

Insulin clearance is an important determinant of cir-
culating insulin concentrations. In humans, approximately
40%–80% of insulin is extracted during the first pass
through the liver (44–46), and most of the remainder is
cleared by the kidney. The rate of hepatic insulin clearance
is positively correlated with pulsatile insulin secretion (46)
and inversely associated with insulin sensitivity (47).
When insulin resistance was induced by dietary fat, normal
dogs responded by enhancing b-cell function by approx-
imately 20% and reducing insulin clearance by approxi-
mately 50%; the decreased insulin clearance preceded
b-cell compensation (48). Therefore, decreased insulin
clearance is hypothesized to be an important compensa-
tory mechanism for insulin-resistant states, such as type 2
diabetes, as it reduces the burden on b-cells to produce
additional insulin (49,50). In our study, ghrelin, with or
without Ex9, decreased meal-related insulin clearance and

Figure 4—Effects of ghrelin, Ex9, and combined ghrelin and Ex9 treatments on Rd (A andB) and clearance (C andD) during theMTT. AG, acyl
ghrelin. Statistical comparisons were made between saline and ghrelin treatments and ghrelin and combined treatments. *P , 0.05.
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insulin sensitivity (OGIS) compared with saline. Although
the mechanism by which this occurs is not apparent from
our data, the finding raises the question as to whether
ghrelin modulates insulin clearance in pathological con-
ditions such as insulin resistance, type 2 diabetes, anorexia
nervosa, or Prader-Willi syndrome.

There are several limitations to our study. First, the
levels of ghrelin used were supraphysiological and remained
elevated in the postprandial period, when ghrelin typically
falls in healthy humans. We chose the dose of ghrelin based
on our previous study to allow us to specifically test the
additive effect of Ex9 and thereby the role of a ghrelin–GLP-1
interaction during the MTT. By comparing the ghrelin and
combined ghrelin and Ex9 treatments to saline, the study
highlights the importance of the postprandial fall of ghrelin
and rise of GLP-1 on glucose tolerance. However, we ac-
knowledge that further work will be necessary to test the
interplay of ghrelin and GLP-1 in a more physiological
setting. Second, we were unable to differentiate the effect
of ghrelin on hepatic versus extrahepatic insulin clearance
with the current study design. Last, even with 15 subjects,
which is a reasonable sample size for a physiological
study, we may have been underpowered for some obser-
vations based on the lack of a significant effect of ghrelin
alone to suppress ISR and DI in contrast to our previous
findings (8).

In summary, we have demonstrated additive effects of
ghrelin and GLP-1R blockade during feeding. These find-
ings indicate that ghrelin stimulation of GLP-1 has signif-
icant effects on several parameters of glucose tolerance,
including DI, b-cell glucose sensitivity, EGP, and glucose
clearance. Overall, our results suggest a model whereby the
effects of ghrelin to protect against hypoglycemia during
starvation can be quickly and at least partially reversed
when food becomes available.
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