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Abstract

Ghrelin and its receptor, the growth hormone secretagogue receptor 1la (GHSR1a), are implicated
in the regulation of glucose metabolism through direct actions in the pancreatic islet as well as
peripheral insulin-sensitive tissues and brain. While many studies have explored the role of ghrelin
in glucose tolerance and insulin secretion, a complete mechanistic understanding has yet to be
elucidated. This review highlights the local expression and function of ghrelin and GHSR1a in
pancreatic islets and how this axis may modulate insulin secretion from pancreatic p-cells.
Additionally, we discuss the effect of ghrelin on /n vivo glucose metabolism in rodents and
humans and the metabolic circumstances under which ghrelin action may predominate.

Introduction

Since its discovery in 1999 (1), ghrelin has been increasingly recognized for its role in
diverse biological functions. Ghrelin stimulates growth hormone and ACTH secretion,
increases appetite and nutrient intake, decreases mean arterial blood pressure and augments
cardiac output, enhances gut motility and gastric acid secretion, influences energy
expenditure, affects learning and memory, and contributes to the hedonic aspects of food (2,
3). Ghrelin also impacts glucose metabolism both during typical fasting and fed states as
well as times of stress. For instance, during starvation, ghrelin is essential for maintaining
glucose homeostasis (4-7). While the ability of ghrelin to regulate glucose metabolism is
widely accepted, the mechanisms by which it achieves these effects have not been fully
elucidated. Ghrelin-induced lipolysis and counter regulatory hormone release is well
recognized (8-10), but only recently has its modulation of insulin release through pancreatic
islet 8-cells (11, 12) and role in stimulating the secretion of other gastrointestinal hormones
been identified (10, 13). This review focuses on the effects of ghrelin on glucose metabolism
by summarizing /n vitro, rodent, and human studies, while highlighting recent discoveries
(Figure 1). Throughout the review, we use “acyl ghrelin” and “ghrelin” interchangeably and
explicitly state studies reporting des-acyl ghrelin or total ghrelin findings.
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Ghrelin, GOAT, & GHSR1a expression in islets

While ghrelin is primarily made by the P/D1 cells (also known as X/A-like cells in dogs and
rodents) of the stomach (14), it is also expressed in the other tissues, including the pancreas
(15). Wierup et al. first described pancreatic ghrelin production in humans in 2002, with
ghrelin expression localized to a novel population of islet cells, initially called “ghrelin”
cells (16) and later termed e-cells (17). Subsequently, ghrelin producing e-cells were found
in rodent islets as well (17-21), which reportedly share a linage with a.-, pancreatic
polypeptide (PP), exocrine, and ductal cells (22, 23). In humans, e-cells are abundant in the
fetus, comprising approximately 10% of the islet cells and surpassing the fetal stomach in
terms of ghrelin content (16). /n vitro studies suggest pancreatic fetal ghrelin may be
important to islet development and survival, as ghrelin promotes proliferation and prevents
apoptosis in p-cells and human islets (20, 24-26). During development, there is a reciprocal
increase in stomach-produced ghrelin (16, 23, 27), while e-cells decrease to ~1% of total
cells in the adult human pancreas (16, 28), making the postnatal contributions of e-cells to
islet physiology and glucose metabolism less clear. However, in rats, ghrelin concentrations
are higher in the pancreatic vein compared to the artery (29), suggesting that an appreciable
amount of ghrelin may be produced by and secreted from the pancreas.

Ghrelin exists in two forms: acyl ghrelin and desacyl ghrelin (DAG), with the latter
predominating in circulation to varying degrees (30, 31). Acylation is facilitated by ghrelin-
O-acetyltransferase (GOAT), which attaches octanoate to ghrelin (32, 33), thereby allowing
it to bind to its receptor. GOAT expression within the islet is not well defined. Data in
rodents have been mixed, with no evidence of pancreatic GOAT expression in mice (32) but
positive GOAT detection in rat pancreatic tissue and INS-1 cells (34). Additionally, acyl
ghrelin measured in rat pancreatic veins (35) implies the presence of pancreatic GOAT.
Studies of human pancreas detected GOAT gene expression (33, 36), supporting the idea that
acyl ghrelin could be produced locally within the islet. These discrepancies in GOAT
detection may be species- or age- related or due to the low frequency of e-cells in adults.
Additionally, GOAT expression in the stomach varies with fatty acid intake and nutritional
status (37) and it is possible that GOAT expression in the islet is similarly dependent on
these factors.

The growth hormone secretagogue receptor 1a (GHSR1a) is the only known receptor for
endogenous acyl ghrelin (1) and is expressed in the pancreatic islet from early gestation (27)
to adulthood (19, 20, 38). Early studies investigating GHSR1a localization in the islet
reported GHSR1a co-localized with glucagon in most rat a-cells (19, 39) and p-cells (20,
40, 41) using antibody-based immunocytochemistry and immunohistochemistry. However,
more recent islet transcriptomic studies overwhelmingly localized GHSR1a to somatostatin-
secreting &-cells, with minimal or nonexistent expression in a- and p-cells (11, 12, 28). The
location of GHSR1a on &-cells suggests ghrelin may impact a- and p-cells indirectly, a
mechanism that we will expand upon in “Mechanism of ghrelin action on insulin secretion”.
Additionally, GHSR1a has uniquely high constitutive activity (42, 43), suggesting it may
have a ghrelin-independent role in the pancreas. Beyond its activity, there is /n vitro
evidence that islet GHSR1a expression decreases in response to high glucose culture
conditions (44). Given the presence of ghrelin, GHSR1a, and possibly GOAT in the pancreas
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and the proximity of 6- and e-cells to a- and B-cells, it is plausible that pancreatic ghrelin
regulates islet hormone secretion in a paracrine manner.

Effect of Acyl Ghrelin on insulin secretion

The effect of ghrelin on regulating insulin and, to a lesser extent, glucagon secretion has
been investigated /n vitroand /n vivoin humans and in rodent models. Early reports in
human and rat islets and INS-1 cells suggested that acyl ghrelin increases glucose-stimulated
insulin secretion (GSIS) (39, 45, 46). However, the majority of subsequent studies in diverse
systems and species strongly support a role whereby ghrelin suppresses GSIS.

Ghrelin decreased GSIS in static culture in insulin-producing cell lines (INS-1 and MING)
(23, 47, 48) as well as isolated mouse (11, 49) and rat islets (19, 41, 44, 50). Ex vivo static
culture of islets from ghrelin-knockout mice had increased insulin secretion in response to
elevated glucose (29), suggesting a potential role of endogenous islets ghrelin. In perfused
rat pancreas models, ghrelin decreased glucose-, arginine-, and carbachol-stimulated insulin
secretion (51). In perfused mouse pancreas, ghrelin decreased insulin (12, 29) and glucagon
(12) secretion. Most /n vivo rodent data also support exogenous ghrelin’s inhibitory effect on
insulin secretion (49, 50) and negative effect on glucose tolerance (52). Hyperghrelinemic
mice had reduced insulin secretion in response to glucose with comparable insulin
sensitivity to controls (53). Exogenous ghrelin resulted in decreased acute insulin response
to intravenous glucose challenge and impaired glucose tolerance in response to
intraperitoneal glucose in mice (54). Similarly, rats given intraperitoneal ghrelin injection
had decreased insulin concentrations (29). Genetic ablation studies have mostly supported an
insulinostatic action of ghrelin. Ghrelin-knockout mice did not differ from controls in their
insulin sensitivity, but did have increased insulin secretion in response to intraperitoneal
glucose (29). Other ghrelin-knockout models had comparable glycemia and insulin
concentrations during fed and fasted (24 hour) states on normal chow (55, 56). However,
following a prolonged (18 hour) fast, chow-fed ghrelin-knockout mice had increased fasting
insulin and concomitant lower glucose concentrations (57). Global GOAT-deficient mice
have mostly been characterized under conditions of caloric restriction (see next section); but,
in these circumstances they have comparable insulin concentrations to wild type controls (6).
Similarly, on a normal chow diet, GHSR1a-knockout mice do not have an obvious glucose
tolerance phenotype, though they do have lower glucose and insulin concentrations at some
points during the light cycle (58). Comparisons of glucose tolerance between ghrelin-
knockout, GHSR1a-knockout, double ghrelin-GHSR1a-knockout and wild type controls on
chow diet did not reveal differences in glucose tolerance or insulin sensitivity (59). The lack
of a strong glucose tolerance phenotype in some knockout models may be due to the low
abundance of islet e-cells (60) and lack of GOAT (11, 61) in adult mice. However, overall,
rodent /n vitroand ex vivo islet studies point to an insulinostatic effect of ghrelin at the islet.

Glucose tolerance under circumstances of metabolic stress have been reported in multiple
genetic models lacking ghrelin and GHSR1a. When ghrelin-knockout mice were crossed
with leptin-deficient ob/0b mice, they had improved glucose tolerance with increased insulin
secretion in response to an intraperitoneal glucose tolerance test (IPGTT), relative to ob/ob
controls (52). In contrast, GHSR1a-knockout mice crossed onto the ob/0b background had
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reduced plasma insulin and impaired glucose tolerance after IPGTT (62). Studies with
ghrelin-knockout mice fed high-fat diet (HFD) have similarly mixed results. One study
reported that ghrelin-knockout mice on HFD had lower glucose and insulin concentrations
after a short (4 hour) fast (56), suggesting a beneficial effect of removal ghrelin during HFD
feeding. However, another study found no difference between ghrelin-knockout mice and
controls in the fed or fasted (18 hour) state (57). While both studies used 24 week-old male
mice, differences in HFD composition and fast duration (56, 57) could have affected the
outcomes. Studies of GHSR1a-KO mice given HFD focused predominantly on weight gain
and energy utilization (discussed below), with less focus on glucose metabolism (58).
Overall, it is difficult to identify a clear role of ghrelin and GHSR1a in glucose metabolism
under normal, chow-fed conditions in rodent models. Ultimately, rodent model suggest there
may be a role for ghrelin and/or GHSR1a under conditions of HFD feeding or metabolic
stress (e.g., ob/ob).

Human data investigating ghrelin’s action on islet function has mostly focused on /in vivo
glucose metabolism. To that end, in healthy male subjects, ghrelin decreased insulin and
caused a concomitant rise in glucose (63); however this effect may be sex-specific, as
females did not robustly decrease insulin secretion following ghrelin (64, 65). In
gastrectomized subjects, ghrelin also decreased GIR and significantly decreased C-peptide
(66), suggesting direct action of ghrelin at the pancreas to reduce insulin secretion. Earlier
studies have assessed the impact of pharmacological levels of ghrelin on B-cell function in
the fasting state with little information on stimulated insulin release (63, 67, 68). We found
that acute ghrelin administration in healthy individuals suppresses 1V and oral glucose
stimulated insulin secretion, decreases insulin sensitivity and glucose tolerance at
supraphysiologic and periphysiologic levels (69, 70). This effect is mediated by p-cell
glucose sensitivity and hepatic glucose production (71). Furthermore, supraphysiologic level
of ghrelin can stimulate postprandial GLP-1 secretion (10). The increased GLP-1 dampens
the effect of ghrelin to suppress p-cell function and worsen glucose tolerance. In sum,
studies to date in humans support ghrelin’s action at the p-cell to reduce GSIS.

Mechanism of ghrelin action on insulin secretion

Early studies using cultured p-cells and isolated rat islets implied a potential direct action by
ghrelin to suppress insulin secretion (19, 50). These studies co-administering ghrelin with
either pertussis toxin, a blocker of Ga, signaling, or cAMP and concluded a mechanism
whereby ghrelin bound to p-cell GHSR1a, signaled downstream through Ga.j/o signaling,
which then enhanced delayed K* channels, and reduce calcium influx and insulin secretion.
However, more recent single-cell transcriptomic studies localized GHSR1a almost
exclusively to somatostatin-secreting &-cells (11, 12), suggesting an indirect mechanism for
ghrelin to regulate insulin secretion. These independent studies used perfused mouse
pancreata, perifused mouse islets, and static cultured human islets to deduce a mechanism
whereby ghrelin bound to &-cell GHSR1a, signals downstream through Gaq to increase
somatostatin secretion, which then binds to somatostatin receptor 3 on the p-cell and signals
through Ga; to reduce insulin secretion (11, 12). This refined mechanism is supported by the
earlier pharmacologic experiments and consistent with the localization of GHSR1a within
the pancreatic islet.
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Ghrelin’s localization to e-cells offers the possibility that it may act in a paracrine manner
on &-cells to influence insulin secretion (via somatostatin secretion). Ghrelin’s insulinostatic
effects are reported at concentrations that exceed circulating values and it is possible that
these concentrations could be achieved locally in the islet. However, there are caveats to this
paradigm that require further exploration. The contribution of ghrelin to intra-islet hormone
secretion has been questioned due to the very small number of e-cells in the endocrine
pancreas of adult humans (28, 72) and mice (60). Moreover, whether acyl ghrelin is present
remains unclear. GOAT has been reported in the human islet (33, 36) and islet transcriptomic
data sets support this (28). In the rat, islets have detectable GOAT (34) and acyl ghrelin has
been reported in the pancreatic vein of rats (29). Reports of GOAT in mouse islets are
limited (11, 61), but ultimately have not clearly suggested pancreatic GOAT, potentially
limiting a paracrine role of islet ghrelin. Thus, whether islet ghrelin regulates insulin
secretion in a paracrine manner or whether the insulinostatic effects of ghrelin are mediated
by circulating ghrelin of stomach origin or through local, paracrine mechanisms from e-cell
ghrelin remains an outstanding question.

Beyond ghrelin-mediated signaling, GHSR1a has high constitutive activity and may act
independently of its ligand to influence insulin secretion. While early work localized
GHSR1a to B-cells (15), recent single-cell studies overwhelmingly localized it to &-cells,
with very minimal B-cell expression (11, 12). Studies of GHSR1a signaling in &-cells did
not examine constitutive activity and mostly found that ghrelin signaling acted downstream
through the Gaq pathway (11). However, downstream GHSR1a activity may occur through
Gag, Gays, Gag, Gaj, or B-arrestin signaling (73, 74) and these differential downstream
signaling cascades have been implicated for ghrelin’s diverse roles (73, 74). While the bulk
of this work has been done in transfected cells or lipid discs (42, 75), evidence also exists /in7
vivo (76, 77). Rodent studies have implicated a role for constitutive GHSR1a activity in
fasting-induced hyperphagia, food intake, and body weight (76, 78). Additionally, a
GHSR1a mutation in humans that limits its constitutive activity without affecting its ability
to bind ghrelin results in familial short stature (79). Within the pancreas, application of
GHSR1a inverse agonist [D-Lys3]-GHRP-6 and anti-ghrelin antiserum increased GSIS in
vivo, islets in static culture, and perfused pancreas (19, 29, 41, 50, 80), suggesting that at
least some ghrelin effects on insulin release could be due to local effects of islet-derived
ghrelin acting through GHSR1a. More recent studies emphasize that using pharmacology to
investigate GHSR1a is complicated. For example, while pancreatic studies using [D-Lys3]-
GHRP-6 concluded it was an inverse agonist against GHSR1a Ga, signaling (50), which
does not align with recent reports that ghrelin-GHSR signaling in the pancreas is coupled to
Gagq (11, 12) nor more recent studies demonstrating [D-Lys®]-GHRP-6 functions as a biased
antagonist against GHSR1a pB-arrestin signaling (74). Numerous compounds have been used
to investigate GHSR1a signaling (e.g., [D-Lys®]-GHRP-6, substance P, IMV2959) and these
careful studies highlight the inherent complexities of GHSR1a signaling (73-75) and offer a
revised understanding that drugs originally believed to be an antagonists or inverse agonists
functioning instead as biased antagonists or partial agonists for specific downstream
signaling cascades (73, 74). Thus, the nuances of pharmacologic interference with GHSR1a
must be taken into account when interpreting past and designing future experiments.
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To our knowledge, an unbiased approach to GHSR1a downstream signaling in the pancreatic
islet has not yet been reported. Whether there is differential GHSR1a downstream signaling
between islet cell types remains an outstanding question. Given the multiple downstream
pathways, pharmacological approaches to decrease GHSR1a activity (either through
antagonism or inverse agonism) can be difficult to interpret unless all downstream signaling
mechanisms are investigated. Interestingly, GHSR1a constitutive activity is proportional to
its expression (81) and factors influencing GHSR1a expression may hold key clues to
glucose metabolism separate from acyl ghrelin. Beyond mediating insulin secretion, ghrelin
may affect glucagon secretion from a-cells (12, 44), with the more recent of these studies
demonstrating it to be glucagonostatic via &-cell-mediated somatostatin secretion (12). More
definitive experiments are needed to examine the role of endogenous ghrelin in islet
hormone local regulation.

Ghrelin regulation of insulin secretion: the role of the CNS

Ghrelin’s effects on appetite, food intake, and the reward aspects of food appear to be
centrally mediated, as intracerebroventricular infusion stimulates food intake in rats (82) and
ghrelin administration to the ventral tegmental area has similar effects on food intake and
additionally increases motivation for certain foods in rodent studies (83-85). While the
centrally-mediated effects of ghrelin on GSIS are largely unstudied, chronic
intracerebroventricular infusion of acyl ghrelin or DAG increased plasma insulin
concentrations compared to mice receiving saline, with no differences detected in plasma
glucose levels (86), suggesting an effect opposite of those seen with peripheral
administration. These findings suggest that like other islet and gastrointestinal hormones
(87, 88), acyl ghrelin may act centrally to regulate insulin levels and glucose metabolism.
This is supported by observations that small amount of acyl and desacyl ghrelin can cross
the BBB to reach the CNS (89).

In addition to the brain, ghrelin appears to acts on to parasympathetic and sympathetic
branches of the autonomic nervous system. GHSR1a mRNA is found in parasympathetic
preganglionic neurons (90) and the brainstem, where ghrelin activates pathways controlling
sympathetic and parasympathetic nerve activity (91-93). Selective re-expression of GHSR1a
in the hindbrain increased fasting glucose concentrations compared to GHSR1a-null mice,
suggesting some hindbrain action of GHSR1a in regulating blood glucose (94). Additionally,
GHSR1a-null mice can resist diet-induced obesity, and this can be recapitulated by
selectively knocking out neuronal GHSR1a (95). Arcuate nucleus-specific and global tissue
deletion of GHSR in rodents leads to decreased food intake and body weight, but any effects
glucose tolerance were not reported (96). Whether the neuronal action of GHSR1a requires
ghrelin or acts independent of the ligand is not known.

Pancreatic islets receive direct input from the autonomic nervous system in the CNS (97).
Thus, the autonomic nervous system is yet another potential mechanism through which
ghrelin may mediate glucose homeostasis. Limited evidence supports a role for ghrelin-
vagus nerve signaling in insulin release. Therefore, it is also possible that ghrelin inhibits
insulin secretion through indirect mechanisms such as activation of visceral afferent nerves
in the hepatic portal vein (98) and/or sympathetic responses (8). Both parasympathetic and
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sympathetic neurons synapse on p- and a.-cells (99) to enhance or inhibit insulin secretion,
respectively (100). Electrical stimulation of the vagus nerve stimulates insulin secretion
(100, 101) whereas lesions of the ventromedial hypothalamus lead to increased p-cell
proliferation and mass (102). Glucose sensors in the hepatic portal vein and hypothalamic
neurons also mediate insulin secretion in response to eating and hypoglycemia (103).
Notably these are also sites where ghrelin may have action (104). These data raise the
possibility that in addition to direct effects ghrelin may suppress insulin secretion indirectly
via neural signaling. For example, ghrelin inhibited GSIS when infused into the portal but
not the femoral vein, and hepatic vagotomy or intra-portal atropine diminished this
inhibitory effect (98, 105). In humans, ghrelin administration increased plasma epinephrine
(8), decreased heart rate variability (106), and decreased heart rate along with blood pressure
(107), suggesting that ghrelin mediates a sympathetic and/or parasympathetic response that
could affect islet secretion. Consistent with this assertion, an intact vagus nerve is required
for many of the physiological effects of ghrelin in mice and men (38, 106, 108) but no
studies have directly tested the hypothesis that ghrelin controls insulin secretion via the
autonomic nervous system. In vagotomized humans, exogenous ghrelin similarly produces
no effect on autonomic parameters and food intake (106, 108). In rats, ghrelin inhibited
GSIS when infused into the portal but not the femoral vein, and hepatic vagotomy
diminished this effect (98). However, additional studies are needed to evaluate the role of
ghrelin and the autonomic nervous system interaction on insulin secretion.

Ghrelin’s effects on insulin action

Beyond the islet, ghrelin also regulates peripheral insulin action in response to metabolic
status. While GHSR1a is highly expressed in the brain, it is also present in peripheral
tissues, including liver, muscle, and fat (109, 110), major sites for insulin action. Most
studies indicate that in addition to decreasing GSIS, ghrelin worsens insulin sensitivity.
Chow-fed ghrelin-knockout mice had increased peripheral insulin sensitivity compared to
wild type controls (52); though this has not been consistently observed (56). Loss of ghrelin
in hyperglycemic ob/ob mice improves insulin sensitivity, despite persistent obesity(52).
However, another study in mice found improved insulin sensitivity with a ghrelin infusion
(112). In humans, studies using hyperinsulinemic-euglycemic clamps have consistently
shown that ghrelin infusion worsens peripheral insulin sensitivity (112-114), an effect that is
independent of growth hormone and cortisol secretion (113).

Ghrelin may also counteract insulin action in the liver. /n vitro studies of ghrelin’s liver
effects reported that high concentrations of acyl ghrelin increased glucose output, whereas
DAG decreased glucose output in cultured hepatocyte cell lines (115). Others reported
ghrelin augmented insulin signaling through MAPK, dampened insulin signaling through
AKT, and blunted insulin-mediated decreases in PEPCK expression in hepatoma cells (116).
Notably, these studies were performed in cell lines using pharmacologic concentrations of
both ghrelin and insulin and it is unlikely that both hormones circulate at such high
concentrations simultaneously /in vivo, particularly at the same time. In a glucose clamp,
ghrelin-knockout mice on chow and HFD had increased glucose disposal and reduced
hepatic glucose output compared to WT controls (117). Ghrelin-knockout mice on the ob/ob
background decreased hepatic gluconeogenesis (52), suggesting that ghrelin worsens hepatic
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insulin sensitivity. Pharmacologic GHSR1a antagonism and genetic GHSR1a ablation
reduced hepatic lipid, while exogenous ghrelin increased ade novo lipogenesis through
mTOR-PPARYy pathway activation in a GHSR1a-dependent manner (118). Mice receiving
ghrelin during a hyperinsulinemic-euglycemic clamp were less responsive to insulin-
mediated decreases in hepatic glucose production (111). In humans receiving ghrelin
infusion during pancreatic clamp decreased GIR and glucose disposal, induced insulin
resistance and lipolysis, but did not affect hepatic glucose production (114) or hepatic
insulin sensitivity (119). Whether ghrelin action at the liver mediates its effects in normal
physiology remains unclear.

Elsewhere in the periphery, the ghrelin system could affect insulin sensitivity by altering fat
metabolism. Exogenous ghrelin administration over 14 days increases adiposity and shifts
fuel utilization toward carbohydrates (120), a mechanism that preserves fat and may be
beneficial in times of undernutrition. Intracerebroventricular ghrelin administration
increased glucose utilization and lipogenic genes in adipose tissue (121) and increased fat
mass despite not increasing food intake (86). Ghrelin-knockout mice have decreased
respiratory quotient (55), indicative of a preference for fat utilization over carbohydrate.
There are mixed reports whether ghrelin-knockout mice differ from wild type in fat mass or
body composition (52, 55, 57, 122). Initial characterization of GHSR1a-knockout mice on
HFD reported both sexes had decreased fat mass compared to wild type mice (58). Mice
with both ghrelin and GHSR1a deleted have a more substantial decrease in body weight and
fat mass and increase in energy expenditure than what occurs with single deletions of these
genes (59), indicating that GHSR1a signaling may promote adiposity and contribute to
maintaining a positive energy balance.

The effect of ghrelin on insulin action in muscle and fat has been investigated. In mice,
peripheral ghrelin infusion during hyperinsulinemic-euglycemia clamp increased glucose
uptake into skeletal muscle (111). Opposite effect has been observed in humans, where
ghrelin infusion in healthy male subjects acutely increased lipolysis and impaired glucose
uptake into skeletal muscle, though muscle biopsies did not show a change in insulin
signaling (123). In contrary to chronic ghrelin treatment, ghrelin infusion acutely increases
lipolysis and FFA release and causes glucose intolerance in human subjects during an
euglycemic clamp (113, 123, 124). However, this finding may not be physiologically
relevant, as the change in FFA levels are only seen with supraphysiologic dose of ghrelin
(119). While additional studies are needed, most data supports that ghrelin worsens insulin
sensitivity and reduces insulin action, through a variety of mechanisms, which is consistent
with its protective role during fasting and starvation.

Desacyl ghrelin effect on insulin secretion and action

Although DAG doesn’t bind to GHSR1a, some reports suggest a role of DAG in islet
hormone regulation. /n vitro, DAG increased insulin secretion from INS-1E rat insulinoma
cells (46, 125), but failed to affect insulin secretion by rat islets (126). Other studies also did
not find any effect on insulin secretion /n vivo or ex vivo (19, 29). In perifused islets where
ghrelin increased somatostatin, concomitant DAG administration did not alter somatostatin,
suggesting DAG does not affect this mechanism (11). /n vivo, DAG enhanced GSIS in rats
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during an intravenous glucose tolerance test (IVGTT) (80). Less is known about DAG and
lipid metabolism, though in GHSR1a-knockout mice, DAG suppresses lipid metabolism in
fat, muscle, liver tissues compared to saline injection (127). In humans, a DAG injection had
no effect on basal insulin levels (128), but dampened acyl ghrelin induced insulin
suppression when the two isoforms were co-administered (129). The authors proposed that
DAG might antagonize acyl ghrelin action in a GHSR1a-independent manner. Our later
work demonstrated no effect of DAG (with or without concomitant acyl ghrelin infusion) on
insulin secretion in human subjects (130). However, 16 hr infusion of DAG in humans led to
small increases in postprandial insulin secretion compared to saline (131). The mechanisms
by which DAG might promote insulin secretion are unclear, as a cognate receptor has not
been identified. Unlike acyl ghrelin, DAG appears to have little effect on the autonomic
nervous system (107). While debated, there is also evidence that DAG might improve insulin
sensitivity. Transgenic mice that overexpress DAG have increased insulin sensitivity
compared to wild type controls (132). In humans, overnight infusion of a high dose of DAG
improved insulin sensitivity in some obese, type 2 diabetic subjects (133) and appeared to
inhibit lipolysis in healthy subjects (131). Whether and how DAG influences glucose
metabolism remains controversial (134).

Ghrelin regulation of glucose metabolism under special conditions

Ghrelin levels are elevated during prolonged fasting and starvation and suppressed in typical,
exogenous obesity (135, 136). The degree of these changes is debated due to concerns
regarding reproducibility and comparisons among data sets, given variability in assays and
approaches (137). While metabolic states appear to affect ghrelin levels, it is unclear if
ghrelin may reciprocally drive or influence metabolic states. Below, we briefly discuss
potential roles of ghrelin in starvation, cachexia, and obesity.

In starvation (e.g., anorexia nervosa), cachexia, and other states of negative energy balance,
ghrelin rises and may play a critical role in maintaining glycemia. Subjects with anorexia
nervosa have elevated total ghrelin levels relative to average-weight subjects, with even
lower total ghrelin measured in obese individuals (65, 135, 136). Interestingly, females with
anorexia nervosa and elevated plasma ghrelin concentrations are ghrelin-resistant, as
exogenous ghrelin does not elicit growth hormone secretion nor increased plasma glucose as
it does in controls (65). There is some debate whether these findings are reproducible across
data sets, given variability in assays (acyl, desacyl, total ghrelin) and approaches (137).
Polymorphisms in ghrelin and GHSR1a are not associated with obesity (136, 138) or
anorexia nervosa or bulimia (139), but may be associated with binge eating disorder (140). A
genetic variant of GOAT is also associated with anorexia nervosa (141).

Rodent physiology studies suggest that ghrelin may be particularly important in regard to
negative energy balance and/or caloric restriction, ghrelin has been proposed as a crucial
hormone for regulating blood glucose in a growth hormone-dependent manner (4). Thus, it
follows that ghrelin would function to sustain plasma glucose levels during times of lower
energy intake or negative energy balance. During severe caloric restriction GOAT-knockout
mice did not maintain normal blood glucose, though they had comparable insulin
concentrations to wild type controls (6). One mechanism by which GOAT and ghrelin may
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preserve blood glucose is through the action of growth hormone to induce liver autophagy
during caloric restriction, which is greatly blunted in GOAT-knockout mice (7). Notably,
there are discrepancies regarding ghrelin’s role in maintaining glycemia during caloric
restriction. The key studies demonstrating ghrelin and GOAT’s role in maintaining glycemia
(6, 7, 142, 143) were not recapitulated in aged GOAT-, ghrelin-, GHSR1a-, and double
ghrelin-GHSR1a-knockout models (144). GOAT has been proposed as a sensor for incoming
fatty acids (37), caloric restriction decreases GOAT expression, leading to reduced plasma
acyl ghrelin (30, 37). In the brain, ghrelin promotes food seeking behavior through its action
in the hypothalamus and the olfactory bulb (145, 146). In the periphery, ghrelin acts by
restraining insulin secretion, promoting GH and cortisol secretion, enhancing lipolysis and
decreasing insulin action. These coordinated efforts may protect the organisms from
starvation and famine (6) and prolong survival.

Perhaps not surprisingly, ghrelin is also elevated in cachexia (147). Exogenous ghrelin has
shown promise in promoting food intake and increased lean body mass in rodent models of
cachexia (148). In humans with cachexia, exogenous ghrelin or ghrelin agonists similarly
improve energy intake with minimal adverse effects (149-151). As hypoglycemia may be
seen in cachexia, ghrelin may have an important role in maintaining euglycemic. Despite the
apparent decrease in disease-related anorexia, how increased endogenous or exogenous
ghrelin affects survival in states of cachexia is unknown.

The role of ghrelin during periods of energy surplus is less clear. Plasma ghrelin negatively
correlates with BMI (135) and is lowered further by insulin resistance and diabetes (152).
Beyond reducing glucose tolerance, evidence exists for ghrelin regulation of fat metabolism
and lipolysis. Repeated ghrelin injections increases adiposity in mice while eliciting an
increase in the respiratory quotient (120) Ghrelin-knockout mice were protected from HFD
induced glucose intolerance and secreted greater insulin than controls after IP glucose (29).
Others have reported further protection from HFD in ghrelin-knockout mice, with lower
insulin and glucose concentrations than in HFD-fed wild type controls after a short fast (56).
As mentioned above, ghrelin-knockout mice crossed with the leptin-deficient 06/0b6 mouse
have improved glucose tolerance (52), supporting a potential role for ghrelin during
metabolic stress. Similarly, GHSR1a-knockout mice have lower fasting serum insulin on a
HFD and improved insulin sensitivity (153). There may be some effect of aging on ghrelin’s
metabolic effects, as aged GHSR1a-knockout mice have lower fat mass than wild type
controls and improved glucose tolerance (154). However, aged ghrelin-knockout mice do not
exhibit any metabolic improvements (155). These findings have led some to question if the
decreased ghrelin levels in obesity and type 2 diabetes might be an adaptive response to
lessen weight gain and hyperglycemia (119).

Ghrelin and glucose metabolism: future directions

Despite the continued investigations into the physiological importance of ghrelin (acyl and
desacyl) on glucose metabolism, many questions remain unanswered. Further work is
needed to determine how ghrelin exerts its effects on insulin secretion and insulin sensitivity.
Although rodent studies suggest a potential benefit of decreased acyl ghrelin and/or
GHSR1a activity on obesity and glucose tolerance, we are challenged by the lack of e-cells
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in these adult animal models. Meanwhile, human studies have focused on acyl ghrelin
effects in healthy subjects. Thus, our understanding of how ghrelin affects GSIS and insulin
action in humans with obesity and diabetes is quite limited and should be explored.

Additionally, the maintenance of postprandial glucose homeostasis requires the sophisticated
and coordinated action of multiple organ systems. Outside of experimental models, the
effects of ghrelin do not occur in isolation, but rather in concert with other gastrointestinal
hormones. For example, recent work has demonstrated that ghrelin modulates postprandial
GLP-1 and PYY secretion (13, 156) We and others have proposed that by stimulating
postprandial GLP-1, ghrelin may attenuate its own negative effects on glucose tolerance(13,
156). To fully understand the role of ghrelin in glucose regulation, we suggest investigating
ghrelin in the context of its interactions with other gut peptides.

Lastly, the route of glucose administration and metabolic state of the subject (fasting vs. fed)
are important considerations when studying ghrelin. Ghrelin infusion before and during a
mixed nutrient liquid meal resulted in enhanced insulin secretion, despite worsening glucose
tolerance (10), raising the important question of whether ghrelin effects on p-cell function
depends on the method of glucose administration (intravenous versus enteral). Ghrelin may
also have differential effects of glucose metabolism during pre- and post-prandial states due
to interactions with other hormones. These relatively unexplored areas may be critical to
understanding of how ghrelin impacts glucose metabolism and the design of ghrelin-based
therapy.
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Actions of Ghrelin on Glucose Homeostasis
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Summary of ghrelin actions on glucose homeostasis. From top, clockwise: In the brain,
ghrelin action in the brain increases growth hormone (GH) and Adrenocorticotropic
hormone (ACTH) secretion and sympathetic nervous system (SNS) output and enhances
food seeking and food reward; in the adrenal glands, ghrelin increases epinephrine and
cortisol; in adipose tissue, ghrelin increases lipolysis; in the stomach, ghrelin increases
gastric emptying; in the liver, ghrelin has been reported to increase, or not effect, hepatic
glucose production; in muscle, ghrelin decreases glucose uptake; in the pancreas, ghrelin
increases somatostatin and decreases insulin and glucagon secretion. The actions of ghrelin
on these tissues have systemic effects to reduce pancreatic -cell function, reduce insulin

action, and restore glycemia.
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