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Abstract

Ghrelin administration induces food intake and body weight gain. Based on these actions, the
ghrelin system was initially proposed as an anti-obesity target. Subsequent studies using genetic
mouse models have raised doubts about the role of the endogenous ghrelin system in mediating
body weight homeostasis or obesity. However, this is not to say that the endogenous ghrelin
system is not important metabolically or otherwise. This manuscript reviews an emerging concept
in which the endogenous ghrelin system serves an essential function during extreme nutritional
and psychological challenges to defend blood glucose, protect body weight, avoid exaggerated
depression, and ultimately allow survival.
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Overview

Ghrelin and its cognate receptor GHSR (growth hormone secretagogue receptor; see
Glossary) derive their names from their first recognized functions in mediating growth
hormone (GH) secretion [1, 2]. Shortly after this discovery, identification of administered
ghrelin’s action to induce voracious food intake even in satiated rodent models [3-6] and of
elevated plasma ghrelin preprandially [7], during fasted states [4, 8, 9], and following diet-
induced weight loss [7] led to emergence of ghrelin as a candidate peripheral hormone that
communicates a negative energy state with neuronal centers to stimulate feeding responses.
Thus, the ghrelin system emerged as a potential therapeutic target for intervention in obesity.
However, while many subsequent studies have supported those early therapeutic hopes,
others have called into question the function of ghrelin as a key member of the hormonal
panel that influences feeding responses, leading to the unraveling of this early promise in the
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minds of many investigators. Although it may be the case that the overall influence of the
ghrelin system on food intake and body weight is at most subtle in an environment of
plentiful energy stores, such that it makes a poor target for obesity therapy, an alternative
emerging notion is that ghrelin acts as an endogenous survival hormone, rising in the
bloodstream as a natural adaptive response to nutritional and other stressors that could
otherwise lead to significant morbidity and mortality. This review concentrates on the
evidence that helps frame the ghrelin system as an essential player in the body’s defense
against severe hypoglycemia and other threats to survival.

Biology of the ghrelin system

The ghrelin system (Figure 1) consists of three main components: ghrelin, ghrelin-O-
acyltransferase (GOAT), and GHSR. Ghrelin is a hormone that is produced predominantly
by a distinct group of enteroendocrine ghrelin cells localized to the gastric mucosa, where
they comprise about 1 in every 100 to 300 cells [10]. Significant contributions to the
circulating pool of ghrelin also likely emanate from ghrelin cells within the duodenum in
adults and from pancreatic islets in the fetal period [1, 8, 11]. Ghrelin is first synthesized as a
prohormone that is subsequently processed by prohormone convertase 1/3 into its mature
form likely within the golgi, trans-golgi network, and/or secretory granules [1, 12]. Apart
from effects on GH release and mediating metabolism, ghrelin has been implicated in the
regulation of mood, sleep, learning and memory, gastrointestinal motility, gastric acid
secretion, bone metabolism, and cardiovascular function, among other actions (reviewed
previously in [13]).

During the process of protein maturation, a portion of the ghrelin pool (the exact percentage
of which remains uncharacterized) undergoes a post-translational acylation — commonly
octanoylation — of the serine that ends up at position 3 of the mature hormone. This unique
post-translational modification is catalyzed by the enzyme GOAT within the endoplasmic
reticulum of ghrelin cells, and occurs before the peptide is processed by prohormone
convertase 1/3, stored, and secreted [12, 14, 15]. It also has been claimed that ghrelin can
undergo acylation after its secretion, within certain target tissues [16]. Binding of ghrelin to
its only known receptor, GHSR, requires this acylation step. The desacyl form of ghrelin
(unacyl-ghrelin) is also secreted, and although most studies agree that it does not bind to
GHSR, it nonetheless has been shown to exhibit some, presumably GHSR-independent,
biological actions, at least some of which are thought to oppose those of acyl-ghrelin
(hereafter mostly referred to as “ghrelin”; as reviewed in [17]).

GHSR is a G protein-coupled receptor (GPCR) first isolated from the pituitary gland and
later demonstrated to be expressed in several discrete brain regions and peripheral organs
including the pancreas, gastrointestinal tract, and heart, among others [1, 2, 11, 18, 19].
Within the brain, GHSRs are strongly expressed in several sites involved in mediating
homeostatic feeding, hedonic feeding and other reward behaviors, energy homeostasis, and
blood glucose [18, 20]. Not only are GHSRs activated upon binding by acyl-ghrelin, but also
they possess other fascinating biology the characterization of which is still in its early stages.
Namely, as compared to most other GPCRs, GHSR has a fairly high ligand-independent,
constitutive activity ([21], and reviewed in [22]). As such, even in the absence of ghrelin, the
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capacity for GHSR to engage downstream signaling cascades occurs at nearly 50% of its
maximal capacity induced by ghrelin, when assessed in heterologous /n vitro systems [21].
Supporting an important role for ghrelin-independent GHSR signaling, mutations affecting
GHSR constitutive activity have been found in several unrelated Moroccan and Japanese
subjects with GH deficiency and short stature [23, 24]. Furthermore, GHSRs can
heterodimerize with other GPCRs, including dopamine D1 and D2 receptors, serotonin 2C
receptors, and melanocortin 3 receptors, such that GHSRs can modulate signaling via these
other receptors (as reviewed in [22]).

Actions mediated through GHSRs are dependent on the nutritional status of the individual.
For instance, fasting was shown to induce an 8-fold increase in GHSR mRNA levels [25]
and an increase in GHSR sensitivity [26] in the hypothalamus. In contrast, individuals in
obese states become resistant to the food intake and reward processing effects of ghrelin
(reviewed in [27]).

Of interest as it relates to potential roles in metabolism, plasma ghrelin is negatively
correlated in the short-term to feeding status and in the long-term to body mass index [7, 8].
Plasma ghrelin and unacyl-ghrelin levels increase before set meals and fall immediately after
refeeding, a phenomenon that can be entrained [4, 7, 28-30]. Fasting also increases both
forms of plasma ghrelin in rodents, with the levels increasing several fold during more
chronic caloric restriction, albeit in humans exposed to longer durations of caloric
restriction, these elevations appear restricted to unacyl-ghrelin as opposed to both ghrelin
and unacyl-ghrelin [4, 8, 30-33]. Plasma ghrelin is generally low with blunted peaks before
set meals in most obese individuals as compared to lean individuals [7, 27, 34]. Conversely,
the levels are prominently elevated in individuals with negative energy balance including
those with anorexia nervosa or cachexia related to cancer, chronic obstructive pulmonary
disease, and congestive heart failure [13, 35, 36].

True to the hallmark of enteroendocrine cells, ghrelin cells respond directly to nutrients,
with glucose, amino acids and fatty acids negatively influencing its secretion, and the
deficiency of glucose stimulating ghrelin secretion [20, 34, 37-39]. Also of note, the
increase in plasma ghrelin associated with both short-term and more chronic caloric
restriction requires sympathetic activation of the highly-expressed p1-adrenergic receptors
on ghrelin cells [32]. Other settings associated with high ghrelin include exposure to
psychosocial stress [40] and Prader-Willi Syndrome, although in Prader-Willi Syndrome, it
is unclear how much of this represents unprocessed ghrelin [13, 41]. The mechanisms that
increase plasma ghrelin in those latter conditions are unclear.

Other emerging components of the ghrelin system that are relatively less well-characterized
than those mentioned above include enzymes that degrade ghrelin, such as
butyrylcholinesterase, which hydrolyzes ghrelin to unacyl-ghrelin [42], ghrelin-reactive
immunoglobulins (as reviewed in [43]) that may protect ghrelin from degradation, and the
truncated, transmembrane domains 6 and 7-lacking GHSR1b form of GHSR, which binds
and in turn reduces the constitutive activity and cell surface expression of GHSR [22]. The
relative contributions of each of these facets of the ghrelin system to its overall effects on
normal physiological processes and disease states deserve further attention.
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Does the endogenous ghrelin system affect body weight or not?

Coupled with the early observations of an inverse correlation of plasma ghrelin with energy
state were other early observations that administered ghrelin could increase eating, at least in
the short-term. It is this role of ghrelin as a “hunger hormone” driving food intake and the
development of obesity that has been a major focus of research over the past 15+ years.
Among the early evidence of ghrelin’s potent orexigenic action was a human trial primarily
investigating GH release in which 3 out of 4 subjects administered ghrelin reported
increased hunger [44]. Subsequent studies in rodents demonstrated potent stimulatory effects
on food intake, increased body weight gain, and increased adiposity, with either peripheral
or central administration of ghrelin [3-6]. The metabolic effects of administered ghrelin are
not dependent on its actions as a GH secretagogue as these effects persist in GH-deficient
rodents [4, 5]. Numerous studies have demonstrated the well-characterized, orexigenic
hypothalamic arcuate neuropeptide Y (NPY)/Agouti-related peptide (AgRP) expressing
neuron as a prominent direct target of ghrelin action (as reviewed in detail previously [13,
45]). Administration of ghrelin or GHSR agonists also lowers energy expenditure and up-
regulates gene expression of lipogenic and fat storage-promoting enzymes in white adipose
tissue [9, 46]. Administered ghrelin also shifts food preference towards fatty diets, shifts fuel
preference away from metabolic utilization of fat (presumably allowing fat to be stored
instead), and engages many types of hedonic eating behaviors, including motivated lever
pressing to obtain food rewards, visual cue-potentiated feeding, conditioned place preference
for food rewards, and locomotor activity in anticipation of a chocolate reward (as reviewed
in detail previously [13]).

In spite of those many examples of an increase in food intake and stimulation of processes
that would tend to increase energy stores in response to an increase in circulating ghrelin,
several studies using genetic models of ghrelin, GHSR or GOAT deletion suggest that these
effects on eating and body weight occur only with the pharmacologic administration of
ghrelin [33, 47-51]. As such, although ghrelin system loss-of-function mouse models might
have been expected to exhibit marked reductions in food intake, body weight, body fat, and
even body length, these manifestations mostly did not materialize — certainly in any extreme
sense. That said, although in many cases no differences in these body weight-related indices
were observed between ghrelin system loss-of-function models and wild-type animals, there
were some exceptions. Indeed, while food intake, body weight and/or body composition in
ad 1ib chow-fed ghrl™~, ghsr”~ and goat™~ mice were comparable to their respective wild-
type littermates [33, 47, 49, 50, 52-55], a double g/Ar/~~/ghsr”~ exhibited lower body
weight when fed standard chow diet, even though there was no difference in food intake
[55]. While fasting-induced rebound food intake was unaltered in g/r/~~ or the ghsr”~ mice
[47, 49, 56, 57], pharmacological antagonism of GHSR blunted fasting-induced rebound
food intake [56] as did chemogenetic inhibition of mediobasal hypothalamic GHSR-
expressing neurons [20]. Although g/r/~~ mice became obese when they were switched to
high fat diet (HFD) during adulthood [48, 49], gAr/”~and ghsr”~ mice resisted the full
development of diet induced obesity (DI1O), accumulating significantly less fat mass and
demonstrating increased energy expenditure, when exposed to HFD immediately after
weaning [53, 58]. Reduced intake of HFD also was observed in the g/sr”~ mice although
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not in the gAr/”~ mice [53, 58]. Also, body lengths of g/Ar/”~and ghsr”~ mice were either
normal [48, 49, 55] or reduced only modestly in g#sr™~ or double ghrf”~ghsr”~ mice [53,
55]. Loss of ghrelin, GOAT, or GHSR did not exaggerate body weight loss upon exposure to
a week-long caloric restriction protocol in which mice had daily access to only 40% of their
usual daily calories [33, 51, 59-61]. The argument that the failure for gAr/~~, goat”~, or
ghsr”~ mice to become anorectic, lean and runted was linked to compensatory adaptations
in other systems was debunked by a study in which ablation of ghrelin cells in adult mice by
targeting diphtheria toxin selectively to ghrelin cells nonetheless resulted in body weights
and food intake similar to those in mice with intact ghrelin cells [51]. That same study also
argued that administered ghrelin could only induce feeding when provided at doses resulting
in supraphysiologic circulating levels, although another study has suggested that
administered ghrelin’s orexigenic capacity does occur using doses that result in plasma
levels achieved physiologically with fasting, caloric restriction or stress [19, 51].

Overall, the results from many but not all ghrelin system loss-of-function mouse models
suggest that the feeding response and body weight changes mediated by ghrelin are likely
dispensable when food availability is plentiful. Contrary to the results from many of these
loss-of-function mouse models, though, pharmacological intervention to inhibit the ghrelin
system by reduction of bioavailable ghrelin or by daily administration of GHSR or GOAT
antagonists to HFD fed mice causes lower body weights and/or reduced food intake [62—65].
Thus, we believe it is still premature to write the definitive biography on the relationship of
the endogenous ghrelin system to our overall body weight and feeding control systems. The
role of the ghrelin system to body weight and feeding phenotypes observed under different
nutritional environments and situations, in particular, remains enigmatic.

Blood glucose and survival

Similar to the discovery of ghrelin’s orexigenic potential, a trial in human subjects was
among the first to recognize an effect of ghrelin to influence blood glucose. In particular, a
bolus intravenous injection of ghrelin induced hyperglycemia accompanied by a fall in
plasma insulin and a rise in plasma GH [66], an observation previously noted with GH
secretagogues before the discovery of ghrelin. Corroborating these findings, ghrelin
administration to rodents increases blood glucose, lowers insulin levels and attenuates
insulin responses during glucose tolerance testing [67, 68]. Similar ghrelin effects on blood
glucose and/or insulin release have been demonstrated in isolated rodent islets, isolated
pancreata, ghrelin-overexpressing mice, and in other human trials [68—70]. Conversely,
genetic deletion or pharmacologic blockade of ghrelin, GHSR, and GOAT lowers blood
glucose. In leptin/ghrelin double-KO mice, although the obese hyperphagic phenotype of
leptin deficiency persists, hyperglycemia is markedly reduced [71]. GHSR antagonist
restores blood glucose to normal in hyperglycemic, HNF1a-deficient mice — a model of
maturity-onset diabetes of the young type 3 (MODY3) — presumably via blocking the
glucose-raising actions of what was noted to be increased plasma ghrelin; increased ghrelin
is also observed in humans with MODY3 [72, 73]. Alone, ghrelin deletion improves glucose
tolerance and increases glucose-stimulated insulin secretion from isolated islets [68, 71].
GHSR deletion lowers fasting blood glucose, enhances insulin sensitivity and improves
glucose tolerance [53, 74]. GHSR deletion also lowers fasting glucagon levels while acute
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and chronic ghrelin administration and transgenic overproduction of ghrelin both raise
glucagon levels [19]. GOAT or GHSR antagonist markedly improves glucose tolerance [64,
65] while exposure of isolated human islets to a GHSR inverse agonist, which decreases
GHSR constitutive activity, increases glucose-stimulated insulin secretion [75]. Notably, the
effects noted above of ghrelin or GHSR genetic deletion to lower blood glucose are slight in
fed conditions but magnified by caloric restriction.

Although the ghrelin system contributes to hyperglycemia and/or hyperphagia in various
pathological states linked to diabetes, including leptin deficiency, MODY 3, and
streptozotocin (STZ) administration [76—78], the blood glucose-raising actions of ghrelin
seems more likely to have developed as a defensive strategy, to protect against life-
threatening hypoglycemia and to prolong survival (Figure 2, Box 1). Following their initial
report on the discovery of GOAT, Drs. Brown and Goldstein demonstrated that goat”~ mice
exhibit a strikingly progressive decline in fasting blood glucose to the point of near-death
after being subjected to a caloric restriction protocol (1 wk of daily access to 40% of their
usual calories) that severely depletes fat stores and mimics a starvation state [33]. Excessive
weight loss and an implied resulting poor overall outcome had previously been reported for
ghsr”~mice upon exposure of individuals weighing 25 g or less to a 1 wk restricted access
to food (4 h per day) protocol [79].

Box 1
Ghrelin regulation of blood glucose

There are several mechanisms by which ghrelin can increase or prevent falls in blood
glucose (Figure 2). Ghrelin can inhibit glucose-stimulated insulin secretion from
pancreatic p-cells and increase glucagon secretion from pancreatic a.-cells through direct
interactions with those cells [19, 61, 67, 68, 70], although two recent studies have
suggested that ghrelin instead indirectly influences the activity of those cells via actions
on somatostatin-secreting pancreatic D-cells [86, 87]. Ghrelin also increases
glucocorticoid levels [81, 88]. A direct effect of ghrelin on GH release appears to be
particularly important during the 60% caloric restriction protocol. Indeed, the usual spike
in plasma GH observed after day 6 of this 60% caloric restriction protocol is blunted in
goat™~ mice, correlating with the exaggerated fall in blood glucose [33, 60], and the fall
in blood glucose in those goar”~ mice is partly corrected by GH infusion during the week
of caloric restriction [33, 60]. The blood glucose protective effect downstream of GH
action in this starvation model involves at least in part increased hepatic autophagy and
gluconeogenesis [59, 60, 89]. Ghrelin also can influence blood glucose via actions in the
brain. For instance, rescue of GHSR expression in hypothalamic arcuate AgRP neurons
or in Phox2b-expressing hindbrain neurons in mice lacking GHSRs elsewhere reverses
the lowered blood glucoses otherwise present in ghsr~" littermates following the 60%
caloric restriction protocol and/or an overnight fast [61, 90]. Ghrelin’s action to promote
gluconeogenesis also could involve up-regulation of liver gluconeogenic enzymes via
GHSRs expressed in the arcuate AgRP neurons [61]. The relative importance of each of
these potential mechanisms through which ghrelin acts to counter falls in blood glucose
likely depends on the severity of caloric restriction. For instance, following an overnight
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or 24h fast, ghrelin’s actions to increase glucagon release seem particularly key [19],
whereas following the mare chronic, 60% caloric restriction protocol, GH seems to be a
key mediator [33].

Findings of marked hypoglycemia similar to that observed in goat™~ mice have since been
observed upon interference with the other main components of the ghrelin system, including
in ghrf~~ mice, ghsr”~ mice, and in mice that had undergone ghrelin cell ablation as adults
[51, 59-61]. Not only do mice with ghrelin cell-selective deletion of p;-adrenergic receptors
fail to appropriately increase ghrelin secretion in response to the chronic 60% caloric
restriction protocol, but also they too experience hypoglycemia and a 36% mortality rate
[32]. These findings were unlike another group’s experience with ghr/”~, ghsr”~ or double
ghrl~1ghsr”~ mice [80], albeit differences in their protocol [they used older mice that had a
higher starting fat mass and were group-housed (which may have prevented equivalent
extremes of caloric restriction in all mice)] may have influenced those results.

It is worthwhile to note that in ad /ib-fed, non-fasted states, blood glucose is not affected in
adult mice with deleted ghrelin system components. However, a drop of blood glucose into
the lower range of normal occurs if these mice are fasted overnight or for 24 h, while life-
threatening, frank hypoglycemia develops with more chronic caloric restriction (such as the
60% caloric restriction protocol). The significance of the ghrelin system in defending against
hypoglycemia depends not only on the severity/duration of the caloric restriction, but also on
the age of the animal and the availability of other counterregulatory hormones. For instance,
hypoglycemia is induced in 24 h-fasted 3 week-old mice, but not in 24 h-fasted adult mice
upon blockade of ghrelin secretion with a p-blocker, suggesting that neonates and infants
may be more dependent on the blood glucose protective actions of ghrelin than adults [32].
Regarding the availability of other counterregulatory hormones, whereas glucagon receptor
genetic deletion prevents the hyperglycemia induced by STZ, the concomitant increase in
plasma ghrelin acts in that setting to block the development of hypoglycemia, as
administration of a GHSR antagonist further reduces blood glucose levels into the markedly
hypoglycemic range in overnight-fasted, STZ-treated glucagon receptor-knockout mice [78].

Psychosocial stress

Several recent studies have suggested that besides protective anti-hypoglycemic actions in
settings of caloric restriction, ghrelin also acts in a protective manner to counter anxiety and
depression during stressful conditions. Administered ghrelin induces both antidepressant-
like and anxiolytic-like behaviors in mice. Similarly, raising plasma physiologically in mice
via caloric restriction mice leads to antidepressant-like and anxiolytic-like behaviors,
whereas calorically restricted g/sr~~ mice do not exhibit these behaviors, indicating that
ghrelin’s protective antidepressant-like and anxiolytic-like effects are mediated through
GHSRs [40]. Also, ghsr”~ mice subjected to chronic social defeat stress (CSDS) — an
experimental paradigm that models psychosocial stress and major depression — exhibit more
pronounced social isolation than do similarly-treated wild-type littermates [40, 81].
Moreover, CSDS and other forms of psychosocial stress lead to plasma ghrelin elevations in
rodents (which in the case of CSDS, have been shown to last at least one month) and
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humans [40, 82, 83]. Stress-induced elevations in ghrelin have also led to a proposal that
ghrelin is a mediator of some stress-based eating behaviors — in particular, those which occur
in individuals in which stress leads to comfort food eating and obesity [81, 82]. Indeed,
wild-type mice exposed to CSDS exhibit hyperphagia and conditioned place preference for
HFD rewards, whereas CSDS-exposed ghsr”~ mice do not [56, 81]. A scenario could be
imagined in which an activated ghrelin system not only engages antidepressant-like and
anxiolytic behaviors that help motivate hungry, prey-susceptible individuals in low energy
states to venture out into the world to efficiently locate life-sustaining, calorically-dense
foods, but also, in the setting of chronic psychosocial stress, might help minimize the
development of any related self-destructive behaviors.

Cachexia and Anorexia Nervosa

Ghrelin also is up-regulated in a variety of states in which cachexia and/or anorexia are
features, as observed in preclinical rodent models bearing tumors, those treated with
cisplatin chemotherapy, and those with experimental heart failure and as observed in patients
with lung cancer, chronic heart failure, and chronic obstructive pulmonary disease (COPD),
likely as a consequence to the long-term negative energy balance [13, 36, 84]. The ghrelin
system seems to protect against exaggerated anorexia and cachexia as pharmacologic
antagonism of GHSR leads to worsened anorexia and accelerated death in tumor-bearing
rats [85]. Exogenous ghrelin administration to experimental cancer models improves food
intake, body composition and reduces cachectic symptoms [84, 85]. A positive energy
balance and improvement in cachexia also has been observed in clinical studies of patients
with cancer, COPD, and heart failure [36]. Plasma ghrelin is also elevated in anorexia
nervosa (reviewed in [35]). We predict that elevated ghrelin is protective in function in
anorexia nervosa, preventing what might otherwise be worsened versions of anorexia,
weight loss, and depressive symptoms that characterize the disorder. Thus, while the
importance of ghrelin on feeding under standard laboratory conditions has been debated, an
important role of ghrelin is apparent under extreme conditions of anorexia-cachexia, during
which raised ghrelin seems to defend body weight and promote survival.

Concluding remarks

In conclusion, we believe there is a “time and a place” for ghrelin (Figure 3, Key Figure). As
such, while in individuals living in stress-free environments and with easy access to food the
ghrelin system may be dispensible as it relates to food intake, body weight, and blood
glucose control, the literature supports life-preserving, anti-hypoglycemic actions for the
ghrelin system in adults exposed to starvation states. The anti-hypoglycemic actions of the
ghrelin system also become emphasized in young individuals even after shorter, less extreme
caloric restriction, and in situations in which other hypoglycemia counterregulatory systems
are blocked (such as glucagon receptor signaling). We have now come to appreciate the
added importance of the ghrelin system in mediating antidepressant-like and anxiolytic-like
behaviors during caloric restriction and in defending against exaggerated depressive-like
behaviors occurring as a result of chronic psychosocial stress. In addition, even the
endogenous ghrelin system’s questioned actions in mediating food intake and body weight
seem to serve important roles in protecting against exaggerated weight loss and accelerated
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death in models of cachexia, while also allowing appropriate rebound hyperphagia following
an acute fast and mediating several food reward-related behaviors. Thus, we believe further
exploration of ghrelin biology in the settings of starvation states, cancer anorexia/cachexia,
cachexia secondary to other illnesses, anorexia nervosa, and in youngsters susceptible to
hypoglycemia is needed in order to solidify the therapeutic potential of ghrelin mimetics in
treating those and similar conditions such as aging-related sarcopenia (see [36] for a fuller
discussion on the therapeutic potential of targeting the ghrelin system; See Outstanding
Questions).

Outstanding Questions

. Although ghrelin has many potential downstream effectors to influence blood
glucose, how does it integrate these many effectors in different situations (e.g.
severe caloric restriction in adults vs. an overnight fast in neonates)?

. How does chronic psychosocial stress increase plasma ghrelin and what
components of the ghrelin system are critical in mediating the antidepressant-
like and anxiolytic responses to stress?

. Is ghrelin secretion enhanced, and thus the ghrelin system’s protective actions
activated, when sympathetic drive is stimulated by other known stimuli such
as cold exposure, aerobic exercise, insulin-induced hypoglycemia, or heart

failure?
. What are the mechanisms involved in ghrelin resistance?
. What is the significance of unacyl-ghrelin and how does it work?
. Can ghrelin or ghrelin mimetics work therapeutically in the management of

conditions such as cachexia, anorexia nervosa, and stress-associated
depression?

Acknowledgments

Glossary

This work was supported by the NIH (R01DK103884 to JMZ). We thank T. DiCesare for his help in creating the
Figure 3 illustration. We thank Drs. Mike Brown, Joe Goldstein, and Mike Lutter for their impactful and insightful
work and thoughts regarding the protective nature of the ghrelin system. We also acknowledge the many authors
whose important and relevant publications could not be individually cited due to space limitations.

Acyl-ghrelin (gene-Ghrl)

The secreted form of ghrelin in which an acyl group — commonly octanoyl — is attached to
the peptide. Acylation is required to engage and activate the growth hormone secretagogue
receptor.

Agonist
A factor that binds to and increases the intrinsic activity of the receptor.

Anorexia
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Reduced desire to eat, either due to primary eating disorders like anorexia nervosa or
secondary to chronic disease conditions.

Antagonist
A factor that binds to a receptor, preventing an agonist from activating the receptor.

Autophagy
Controlled degradation of cellular components or an organ in order to meet energy demands
during conditions such as starvation or as a method to remove damaged cellular components.

B-blocker
Drug that acts to prevent the activity of B-adrenergic receptors.

Cachexia

A multi-organ syndrome characterized by severe loss of body weight, fat and muscle mass
often secondary to anorexia or due to other underlying conditions such as cancer, heart
failure, chronic obstructive pulmonary disease, and renal failure.

Chronic caloric restriction

Food restriction regime in which mice are fed 40% of their usual daily food intake (60%
caloric restriction), each day for one week, emulating a starvation condition (as defined in
this article).

Chronic social defeat stress (CSDS)

An experimental model of prolonged psychosocial stress featuring aspects of major
depression and posttraumatic stress disorder. CSDS subjects male mice to 10 daily bouts of
social subordination by an older and larger aggressor mouse.

Conditioned place preference (CPP)
A preclinical Pavlovian-like behavioral test used to measure the rewarding and/or aversive
effects of a test condition.

Diet induced obesity (DI1O)
Obesity that develops in animals fed a high fat diet. DIO is thought to model the obesity
present in most human subjects.

Ghrelin-O-acyltransferase (GOAT, gene-Mboat4)

Also known as membrane-bound O-acyltransferase 4 (MBOAT4), GOAT is the only known
enzyme that catalyzes the acylation of ghrelin. Ghrelin is the only known substrate for
GOAT.

Gluconeogenesis
A metabolic pathway that produces glucose from non-carbohydrate sources.

Growth hormone secretagogue receptor (GHSR; gene-Ghsr)
Also known as the ghrelin receptor, GHSR is the only known receptor for acyl-ghrelin, and
also serves as the receptor for synthetic growth hormone secretagogues.
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Hedonic feeding
Eating for pleasure that encompasses behaviors aimed at working hard and efficiently to
obtain and consume rewarding foods.

Homeostatic feeding
Eating required to sustain life.

Hypoglycemia
Low blood sugar, generally below 70 mg/dL.

Prader-Willi syndrome

a rare genetic disorder due to sporadic loss of or failure to express a set of paternally
expressed genes within a 5-6 Mb segment of Chromosome 15. Prader-Willi Syndrome
involves many different organ systems and is characterized by hypotonia and failure to thrive
early in life and hyperphagia and risk of severe obesity in adults.

Prohormone convertase 1

Also known as prohormone convertase 3 (PC1/3), PC1/3 is a proteolytic enzyme that
catalyzes the cleavage of basic amino acids to convert inactive prohormones to the mature
hormone forms.

Unacyl-ghrelin
The form of ghrelin that not contain an attached acyl group. This form of ghrelin does not
bind to the GHSR, although some GHSR-independent activities have been reported.

References

1. Kojima M, et al. Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature.
1999; 402:656-660. [PubMed: 10604470]

2. Howard AD, et al. A receptor in pituitary and hypothalamus that functions in growth hormone
release. Science. 1996; 273:974-977. [PubMed: 8688086]

3. Wren AM, et al. Ghrelin causes hyperphagia and obesity in rats. Diabetes. 2001; 50:2540-2547.
[PubMed: 11679432]

4. Tschop M, et al. Ghrelin induces adiposity in rodents. Nature. 2000; 407:908-913. [PubMed:
11057670]

5. Nakazato M, et al. A role for ghrelin in the central regulation of feeding. Nature. 2001; 409:194—
198. [PubMed: 11196643]

6. Kamegai J, et al. Central effect of ghrelin, an endogenous growth hormone secretagogue, on
hypothalamic peptide gene expression. Endocrinology. 2000; 141:4797-4800. [PubMed: 11108296]

7. Cummings DE, et al. Plasma ghrelin levels after diet-induced weight loss or gastric bypass surgery.
N Engl J Med. 2002; 346:1623-1630. [PubMed: 12023994]

8. Ariyasu H, et al. Stomach is a major source of circulating ghrelin, and feeding state determines
plasma ghrelin-like immunoreactivity levels in humans. J Clin Endocrinol Metab. 2001; 86:4753—
4758. [PubMed: 11600536]

9. Asakawa A, et al. Ghrelin is an appetite-stimulatory signal from stomach with structural
resemblance to motilin. Gastroenterology. 2001; 120:337-345. [PubMed: 11159873]

10. Sakata I, et al. Characterization of a novel ghrelin cell reporter mouse. Regul Pept. 2009; 155:91—
98. [PubMed: 19361544]

11. Wierup N, et al. The islet ghrelin cell. J Mol Endocrinol. 2014; 52:R35-49. [PubMed: 24049065]

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mani and Zigman

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 12

Zhu X, et al. On the processing of proghrelin to ghrelin. J Biol Chem. 2006; 281:38867-38870.
[PubMed: 17050541]

Muller TD, et al. Ghrelin. Mol Metab. 2015; 4:437-460. [PubMed: 26042199]

Yang J, et al. Identification of the acyltransferase that octanoylates ghrelin, an appetite-stimulating
peptide hormone. Cell. 2008; 132:387-396. [PubMed: 18267071]

Gutierrez JA, et al. Ghrelin octanoylation mediated by an orphan lipid transferase. Proc Natl Acad
Sci U S A. 2008; 105:6320-6325. [PubMed: 18443287]

Hopkins AL, et al. Unacylated ghrelin promotes adipogenesis in rodent bone marrow via ghrelin
O-acyl transferase and GHS-R1a activity: evidence for target cell-induced acylation. Sci Rep.
2017; 7:45541. [PubMed: 28361877]

Delhanty PJ, et al. Des-acyl ghrelin: a metabolically active peptide. Endocr Dev. 2013; 25:112—
121. [PubMed: 23652397]

Zigman JM, et al. Expression of ghrelin receptor mRNA in the rat and the mouse brain. J Comp
Neurol. 2006; 494:528-548. [PubMed: 16320257]

Chuang JC, et al. Ghrelin directly stimulates glucagon secretion from pancreatic alpha-cells. Mol
Endocrinol. 2011; 25:1600-1611. [PubMed: 21719535]

Mani BK, et al. The role of ghrelin-responsive mediobasal hypothalamic neurons in mediating
feeding responses to fasting. Mol Metab. 2017; 6:882-896. [PubMed: 28752052]

Holst B, et al. High constitutive signaling of the ghrelin receptor--identification of a potent inverse
agonist. Mol Endocrinol. 2003; 17:2201-2210. [PubMed: 12907757]

Edwards A, Abizaid A. Clarifying the Ghrelin System’s Ability to Regulate Feeding Behaviours
Despite Enigmatic Spatial Separation of the GHSR and Its Endogenous Ligand. Int J Mol Sci.
2017; 18:859.

Inoue H, et al. Identification and functional analysis of novel human growth hormone secretagogue
receptor (GHSR) gene mutations in Japanese subjects with short stature. J Clin Endocrinol Metab.
2011; 96:E373-378. [PubMed: 21084395]

Pantel J, et al. Loss of constitutive activity of the growth hormone secretagogue receptor in familial
short stature. J Clin Invest. 2006; 116:760-768. [PubMed: 16511605]

Kim MS, et al. Changes in ghrelin and ghrelin receptor expression according to feeding status.
Neuroreport. 2003; 14:1317-1320. [PubMed: 12876464]

Hewson AK, Dickson SL. Systemic administration of ghrelin induces Fos and Egr-1 proteins in the
hypothalamic arcuate nucleus of fasted and fed rats. J Neuroendocrinol. 2000; 12:1047-1049.
[PubMed: 11069119]

Zigman JM, et al. Obesity Impairs the Action of the Neuroendocrine Ghrelin System. Trends
Endocrinol Metab. 2016; 27:54-63. [PubMed: 26542050]

Cummings DE, et al. A preprandial rise in plasma ghrelin levels suggests a role in meal initiation
in humans. Diabetes. 2001; 50:1714-1719. [PubMed: 11473029]

Frecka JM, Mattes RD. Possible entrainment of ghrelin to habitual meal patterns in humans. AmJ
Physiol Gastrointest Liver Physiol. 2008; 294:G699-707. [PubMed: 18187517]

Liu J, et al. Novel ghrelin assays provide evidence for independent regulation of ghrelin acylation
and secretion in healthy young men. J Clin Endocrinol Metab. 2008; 93:1980-1987. [PubMed:
18349056]

Toshinai K, et al. Upregulation of Ghrelin expression in the stomach upon fasting, insulin-induced
hypoglycemia, and leptin administration. Biochem Biophys Res Commun. 2001; 281:1220-1225.
[PubMed: 11243865]

Mani BK, et al. p1-Adrenergic receptor deficiency in ghrelin-expressing cells causes hypoglycemia
in susceptible individuals. J Clin Invest. 2016; 126:3467-3478. [PubMed: 27548523]

Zhao TJ, et al. Ghrelin O-acyltransferase (GOAT) is essential for growth hormone-mediated
survival of calorie-restricted mice. Proc Natl Acad Sci U S A. 2010; 107:7467-7472. [PubMed:
20231469]

Shiiya T, et al. Plasma ghrelin levels in lean and obese humans and the effect of glucose on ghrelin
secretion. J Clin Endocrinol Metab. 2002; 87:240-244. [PubMed: 11788653]

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mani and Zigman

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 13

Ogiso K, et al. Ghrelin and anorexia nervosa: a psychosomatic perspective. Nutrition. 2011;
27:988-993. [PubMed: 21868197]

Collden G, et al. Therapeutic Potential of Targeting the Ghrelin Pathway. Int J Mol Sci. 2017;
18:798.

Sakata I, et al. Glucose-mediated control of ghrelin release from primary cultures of gastric
mucosal cells. Am J Physiol Endocrinol Metab. 2012; 302:E1300-1310. [PubMed: 22414807]
Engelstoft MS, et al. Seven transmembrane G protein-coupled receptor repertoire of gastric ghrelin
cells. Mol Metab. 2013; 2:376-392. [PubMed: 24327954]

Al Massadi O, et al. Macronutrients act directly on the stomach to regulate gastric ghrelin release. J
Endocrinol Invest. 2010; 33:599-602. [PubMed: 21099246]

Lutter M, et al. The orexigenic hormone ghrelin defends against depressive symptoms of chronic
stress. Nat Neurosci. 2008; 11:752—753. [PubMed: 18552842]

Burnett LC, et al. Deficiency in prohormone convertase PC1 impairs prohormone processing in
Prader-Willi syndrome. J Clin Invest. 2017; 127:293-305. [PubMed: 27941249]

Chen VP, et al. Butyrylcholinesterase regulates central ghrelin signaling and has an impact on food
intake and glucose homeostasis. Int J Obes (Lond). 2017; 41:1413-1419. [PubMed: 28529331]
Fetissov SO, et al. Ghrelin-Reactive Immunoglobulins in Conditions of Altered Appetite and
Energy Balance. Front Endocrinol (Lausanne). 2017; 8:10. [PubMed: 28191004]

Arvat E, et al. Preliminary evidence that Ghrelin, the natural GH secretagogue (GHS)-receptor
ligand, strongly stimulates GH secretion in humans. J Endocrinol Invest. 2000; 23:493-495.
[PubMed: 11021763]

Andrews ZB. Central mechanisms involved in the orexigenic actions of ghrelin. Peptides. 2011;
32:2248-2255. [PubMed: 21619904]

Theander-Carrillo C, et al. Ghrelin action in the brain controls adipocyte metabolism. J Clin Invest.
2006; 116:1983-1993. [PubMed: 16767221]

Sun'y, et al. Deletion of ghrelin impairs neither growth nor appetite. Mol Cell Biol. 2003;
23:7973-7981. [PubMed: 14585959]

Sun'Y, et al. Characterization of adult ghrelin and ghrelin receptor knockout mice under positive
and negative energy balance. Endocrinology. 2008; 149:843-850. [PubMed: 18006636]

Wortley KE, et al. Genetic deletion of ghrelin does not decrease food intake but influences
metabolic fuel preference. Proc Natl Acad Sci U S A. 2004; 101:8227-8232. [PubMed: 15148384]
Kirchner H, et al. GOAT links dietary lipids with the endocrine control of energy balance. Nat
Med. 2009; 15:741-745. [PubMed: 19503064]

McFarlane MR, et al. Induced ablation of ghrelin cells in adult mice does not decrease food intake,
body weight, or response to high-fat diet. Cell Metab. 2014; 20:54-60. [PubMed: 24836560]
Sun', et al. Ghrelin stimulation of growth hormone release and appetite is mediated through the
growth hormone secretagogue receptor. Proc Natl Acad Sci U S A. 2004; 101:4679-4684.
[PubMed: 15070777]

Zigman JM, et al. Mice lacking ghrelin receptors resist the development of diet-induced obesity. J
Clin Invest. 2005; 115:3564-3572. [PubMed: 16322794]

De Smet B, et al. Energy homeostasis and gastric emptying in ghrelin knockout mice. J Pharmacol
Exp Ther. 2006; 316:431-439. [PubMed: 16203827]

Pfluger PT, et al. Simultaneous deletion of ghrelin and its receptor increases motor activity and
energy expenditure. Am J Physiol Gastrointest Liver Physiol. 2008; 294:G610-618. [PubMed:
18048479]

Perello M, et al. Ghrelin increases the rewarding value of high-fat diet in an orexin-dependent
manner. Biol Psychiatry. 2010; 67:880-886. [PubMed: 20034618]

Abizaid A, et al. Ghrelin modulates the activity and synaptic input organization of midbrain
dopamine neurons while promoting appetite. J Clin Invest. 2006; 116:3229-3239. [PubMed:
170609471

Wortley KE, et al. Absence of ghrelin protects against early-onset obesity. J Clin Invest. 2005;
115:3573-3578. [PubMed: 16322795]

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mani and Zigman

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 14

Li RL, et al. Profound hypoglycemia in starved, ghrelin-deficient mice is caused by decreased
gluconeogenesis and reversed by lactate or fatty acids. J Biol Chem. 2012; 287:17942-17950.
[PubMed: 22474325]

Zhang Y, et al. Reduced autophagy in livers of fasted, fat-depleted, ghrelin-deficient mice: reversal
by growth hormone. Proc Natl Acad Sci U S A. 2015; 112:1226-1231. [PubMed: 25583513]

Wang Q, et al. Arcuate AgRP neurons mediate orexigenic and glucoregulatory actions of ghrelin.
Mol Metab. 2014; 3:64—72. [PubMed: 24567905]

Shearman LP, et al. Ghrelin neutralization by a ribonucleic acid-SPM ameliorates obesity in diet-
induced obese mice. Endocrinology. 2006; 147:1517-1526. [PubMed: 16339202]

Zorrilla EP, et al. Vaccination against weight gain. Proc Natl Acad Sci U S A. 2006; 103:13226—
13231. [PubMed: 16891413]

Barnett BP, et al. Glucose and weight control in mice with a designed ghrelin O-acyltransferase
inhibitor. Science. 2010; 330:1689-1692. [PubMed: 21097901]

Esler WP, et al. Small-molecule ghrelin receptor antagonists improve glucose tolerance, suppress
appetite, and promote weight loss. Endocrinology. 2007; 148:5175-5185. [PubMed: 17656463]

Broglio F, et al. Ghrelin, a natural GH secretagogue produced by the stomach, induces
hyperglycemia and reduces insulin secretion in humans. J Clin Endocrinol Metab. 2001; 86:5083—
5086. [PubMed: 11600590]

Dezaki K, et al. Endogenous ghrelin in pancreatic islets restricts insulin release by attenuating
Ca2+ signaling in beta-cells: implication in the glycemic control in rodents. Diabetes. 2004;
53:3142-3151. [PubMed: 15561944]

Dezaki K, et al. Ghrelin uses Galphai2 and activates voltage-dependent K+ channels to attenuate
glucose-induced Ca2+ signaling and insulin release in islet beta-cells: novel signal transduction of
ghrelin. Diabetes. 2007; 56:2319-2327. [PubMed: 17575083]

Reed JA, et al. Mice with chronically increased circulating ghrelin develop age-related glucose
intolerance. Am J Physiol Endocrinol Metab. 2008; 294:E752-760. [PubMed: 18270302]

Tong J, et al. Ghrelin suppresses glucose-stimulated insulin secretion and deteriorates glucose
tolerance in healthy humans. Diabetes. 2010; 59:2145-2151. [PubMed: 20584998]

Sun'Y, et al. Ablation of ghrelin improves the diabetic but not obese phenotype of ob/ob mice. Cell
Metab. 2006; 3:379-386. [PubMed: 16679295]

Brial F, et al. Ghrelin Inhibition Restores Glucose Homeostasis in Hepatocyte Nuclear
Factor-lalpha (MODY 3)-Deficient Mice. Diabetes. 2015; 64:3314-3320. [PubMed: 25979074]
Nowak N, et al. Circulating ghrelin level is higher in HNF1A-MODY and GCK-MODY than in
polygenic forms of diabetes mellitus. Endocrine. 2015; 50:643-649. [PubMed: 25987348]

Qi Y, et al. Characterization of the insulin sensitivity of ghrelin receptor KO mice using glycemic
clamps. BMC Physiol. 2011; 11:1. [PubMed: 21211044]

Bhattacharya SK, et al. Discovery of PF-5190457, a Potent, Selective, and Orally Bioavailable
Ghrelin Receptor Inverse Agonist Clinical Candidate. ACS Med Chem Lett. 2014; 5:474-479.
[PubMed: 24900864]

Ishii S, et al. Role of ghrelin in streptozotocin-induced diabetic hyperphagia. Endocrinology. 2002;
143:4934-4937. [PubMed: 12446621]

Verhulst PJ, et al. Role of ghrelin in the relationship between hyperphagia and accelerated gastric
emptying in diabetic mice. Gastroenterology. 2008; 135:1267-1276. [PubMed: 18657539]

Mani BK, et al. Hypoglycemic Effect of Combined Ghrelin and Glucagon Receptor Blockade.
Diabetes. 2017; 66:1847-1857. [PubMed: 28487437]

Blum ID, et al. Reduced anticipatory locomotor responses to scheduled meals in ghrelin receptor
deficient mice. Neuroscience. 2009; 164:351-359. [PubMed: 19666088]

Yi CX, et al. The GOAT-ghrelin system is not essential for hypoglycemia prevention during
prolonged calorie restriction. PLoS One. 2012; 7:¢32100. [PubMed: 22363801]

Chuang JC, et al. Ghrelin mediates stress-induced food-reward behavior in mice. J Clin Invest.
2011; 121:2684-2692. [PubMed: 21701068]

Patterson ZR, et al. Central ghrelin signaling mediates the metabolic response of C57BL/6 male
mice to chronic social defeat stress. Endocrinology. 2013; 154:1080-1091. [PubMed: 23341196]

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mani and Zigman

83.

84.

85.

86.

87.

88.

89.

90.

Page 15

Raspopow K, et al. Psychosocial stressor effects on cortisol and ghrelin in emotional and non-
emotional eaters: influence of anger and shame. Horm Behav. 2010; 58:677-684. [PubMed:
20540943]

Wang W, et al. Effects of ghrelin on anorexia in tumor-bearing mice with eicosanoid-related
cachexia. Int J Oncol. 2006; 28:1393-1400. [PubMed: 16685441]

Fujitsuka N, et al. Potentiation of ghrelin signaling attenuates cancer anorexia-cachexia and
prolongs survival. Transl Psychiatry. 2011; 1:e23. [PubMed: 22832525]

Adriaenssens AE, et al. Transcriptomic profiling of pancreatic alpha, beta and delta cell
populations identifies delta cells as a principal target for ghrelin in mouse islets. Diabetologia.
2016; 59:2156-2165. [PubMed: 27390011]

DiGruccio MR, et al. Comprehensive alpha, beta and delta cell transcriptomes reveal that ghrelin
selectively activates delta cells and promotes somatostatin release from pancreatic islets. Mol
Metab. 2016; 5:449-458. [PubMed: 27408771]

Spencer SJ, et al. Ghrelin regulates the hypothalamic-pituitary-adrenal axis and restricts anxiety
after acute stress. Biol Psychiatry. 2012; 72:457-465. [PubMed: 22521145]

Ezaki J, et al. Liver autophagy contributes to the maintenance of blood glucose and amino acid
levels. Autophagy. 2011; 7:727-736. [PubMed: 21471734]

Scott MM, et al. Hindbrain ghrelin receptor signaling is sufficient to maintain fasting glucose.
PLoS One. 2012; 7:e44089. [PubMed: 22952883]

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mani and Zigman

Page 16

Trends Box

The ghrelin system is comprised of 3 main components including ghrelin, the
ghrelin receptor (growth hormone secretagogue receptor), and GOAT.

Endogenous ghrelin is involved in food anticipatory and food reward behavior
but may not play a conspicuous orexigenic role when food availability is
plentiful or in diet-induced obese states.

The ghrelin system is essential during certain nutritional and psychological
challenges including caloric restriction, cachexia, and psychosocial stress,
orchestrating changes in several metabolic processes and behaviors to
promote survival

Activation of the ghrelin system could be a viable pharmacological approach
to promote food intake and to defend against hypoglycemia, body weight loss,
depression/anxiety, and death during extreme nutritional and psychological
challenges including severe caloric restriction, cachexia, and psychosocial
stress.
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Figure 1. Components of the ghrelin system
Human ghrelin is predominantly secreted from the P/D1-like (X/A-like in rats and mouse)

endocrine cells within the gastric mucosa. The ghrelin gene encodes a 117 amino acid (a.a.)
precursor protein — preproghrelin, which yields proghrelin once a signal peptide is cleaved
off. A portion of proghrelin is post-translationally acylated (most often octanoylated) at the
serine-3 of the mature hormone — a unique reaction catalyzed by the enzyme ghrelin-O-
acyltransferase (GOAT) likely within the endoplasmic reticulum of ghrelin cells. The
acylated form (and possibly any remaining unacylated form) of the 94-a.a proghrelin are
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further processed by prohormone convertase 1/3 likley within the golgi, trans-golgi network
(TGN) and/or secretory granules to the mature 28-a.a. ghrelin species. Rat and mouse
ghrelin differ from human ghrelin by 2 a.a. [Lys(K)-Ala(A) instead of Arg(R)-val(V) at
positions 11 and 12]. Acyl-ghrelin is deacylated rather rapidly in the circulation by
butyrylcholineesterase (BuChE) or acyl protein thioesterase 1 (APT1) to the unacyl form.
Both forms of ghrelin also are degraded by a group of peptidases that remain poorly
characterized. While in circulation, ghrelin-reactive immunoglobulins may bind ghrelin,
which has been shown to delay its degradation. The biological effects of acyl-ghrelin are
mediated by binding growth hormone secretagogue receptors (GHSR), which are expressed
in several discrete brain regions and other target tissues. GHSRs also possess acyl-ghrelin-
independent actions due to its presumed high constitutive activity. GHSRs also alter the
activity of other GPCRs through heterodimerization, which in some cases requires ghrelin
binding to the GHSRs. Unacyl-ghrelin does not bind to GHSR, and the receptor(s)
mediating its effects are unknown.
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Figure 2. Mechanisms by which ghrelin can increase or prevent falls in blood glucose
Caloric restriction induces ghrelin secretion mostly by increasing sympathetic drive onto

ghrelin cells and possibly also due to a reduction in the availability of circulating nutrients
(such as glucose), and in turn a reduction in the nutrients’ direct effects on ghrelin cells to
decrease ghrelin release. The elevated plasma ghrelin modulates several endocrine and
neuronal signals to increase and/or prevent falls in blood glucose. These include reduction in
insulin secretion by direct or indirect actions on pancreatic p-cells; increase in glucagon
secretion by direct or indirect actions on pancreatic a-cells; actions on the brain to increase
cortisol secretion, glucagon secretion, and food intake; increase in the release of growth
hormone (GH), which in the appropriate setting can induce liver autophagy to presumably
supply substrates for gluconeogenesis. The increased plasma glucagon and brain actions of
ghrelin also stimulate gluconeogenesis by induction of the expression of hepatic
gluconeogenic enzymes.
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Figure 3. Ghrelin as a survival hormone
The essential, protective role of ghrelin as a survival hormone becomes apparent during

metabolically and psychologically challenging conditions that include caloric restriction,
psychosocial stress and cachexia — all of which are associated with increases in plasma
ghrelin, presumably from increased ghrelin secretion. The protective roles of ghrelin during
these states are summarized as follows: A) Caloric restriction. During short bouts of caloric
restriction, ghrelin limits falls in blood glucose, and afterwards mediates rebound
hyperphagia. Following slightly longer bouts of caloric restriction, ghrelin mediates food
reward behaviors and mediates antidepressant-like and anxiolytic-like behaviors. During
more severe/prolonged caloric restriction, ghrelin prevents life-threatening hypoglycemia.
Ghrelin also reduces incidence of hypoglycemia in neonates subjected to short bouts of
caloric restriction. (The protective effects of ghrelin during exposure to caloric restriction are
emphasized by increasing severity of caloric restriction and by young age). B) Psychosocial
stress. Following psychosocial stress, ghrelin defends against exaggerated depressive
symptoms and increases food reward behaviors including intake of calorically dense food,
presumably as a way to more efficiently store energy to thwart any future threats. C)
Cachexia. In conditions characterized by cachexia, ghrelin defends against loss of body
weight and muscle mass and extends survival.
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