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Abstract

Rationale Ghrelin is a fast-acting hormone that is produced
primarily by the stomach and by the brain although in smaller
quantities. The regulation and the secretion of ghrelin are
complex and not limited to aspects of feeding. Ghrelin exerts
powerful effects on multiple processes, and it has been dem-
onstrated that it mediates the rewarding properties of food as
well as of drugs of abuse.

Objectives The purpose of this review is to summarize the
findings of preclinical and clinical studies related to ghrelin’s
possible role in addiction for each specific class of substances.
Questions related to ghrelin’s involvement in addiction are
highlighted. Recurrent methodological issues that render the
interpretation of the findings challenging are discussed. Also,
the potential of targeting ghrelin as a pharmacologic treatment
strategy for addiction is explored.

Results Ghrelin signaling is implicated in the mediation of
behavioral and biochemical effects of drugs of abuse that are
cardinal for the development of addiction, especially for alco-
hol, nicotine, and stimulants. The available literature implicat-
ing ghrelin in opioid or cannabis use disorders is currently
limited and inconclusive.

Conclusions There is intriguing, although not always consis-
tent, evidence for the involvement of ghrelin signaling in
aspects of addiction, especially in the cases of alcohol,
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nicotine, and stimulants. Further research, particularly in
humans, is recommended to replicate and expand on the
findings of the current literature. Improved and novel meth-
odologies that take into account the volatile and complex
nature of ghrelin are required to clarify the inconsistencies of
the findings.
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Introduction

Ghrelin is a 28-amino acid orexigenic peptide hormone that
was discovered in 1999 (Kojima et al. 1999). It is primarily
produced by the stomach (Sakata et al. 2002), but the brain
also produces it in smaller quantities (Cowley et al. 2003;
Korbonits et al. 2001). Ghrelin is the endogenous ligand and
an agonist of the previously orphan growth hormone secreta-
gogue receptor type 1 (GHS-R;4), and it induces a potent
increase of growth hormone (GH) levels (Kojima et al. 1999,
2001). The active form of ghrelin is unique among known
mammalian peptide hormones in that it contains an n-octanoyl
posttranslational modification which is required for its effects
on the GHS-R 5 (Kojima et al. 1999). This explains why it is
known as acyl, acylated, or n-octanoyl ghrelin. A second
related peptide, des-acyl ghrelin, which is identical with acyl
ghrelin except for the absence of the n-octanoyl moiety, has
also been identified. Des-acyl ghrelin does not bind GHS-R; o
and does not induce the release of GH (Hosoda et al. 2000;
van der Lely et al. 2004). The sum of the concentration of both
acyl and des-acyl ghrelin is referred to in the literature as fotal
ghrelin.

The regulation of the secretion of ghrelin is complex and
influenced by a variety of acute and chronic stimuli
(Cummings et al. 2001). In the short term, ghrelin secretion
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is stimulated potently by fasting or hypoglycemia (Toshinai
et al. 2001; Tschop et al. 2000), and gastric ghrelin mRNA
expression is upregulated by fasting, insulin, or leptin admin-
istration (Toshinai et al. 2001). The secretion of ghrelin is
inhibited by refeeding after prolonged fasting and administra-
tion of glucose (Toshinai et al. 2001; Tschop et al. 2000),
somatostatin analogues (Barkan et al. 2003), or insulin (Saad
et al. 2002). In accordance with the above, in humans, an
impressive increase of ghrelin levels preprandially has been
documented, subsequently followed by a sharp decrease post-
prandially. Between meals, a progressive increase of ghrelin
from its postprandial low levels has been observed prior to the
ensuing preprandial sharp increase. On a more long-term
basis, ghrelin levels are decreased in obesity (except for
Prader-Willi syndrome-related obesity) (Cummings et al.
2002; Tschop et al. 2001) and increased in cachexia (Nagaya
et al. 2001; Otto et al. 2001; Wisse et al. 2001).

Ghrelin as a circulating hormone has powerful effects on
multiple systems (Kojima and Kangawa 2006). Apart from
potently stimulating the secretion of GH (Kojima et al. 1999),
the administration of ghrelin leads to an increased appetite
level (Arvat et al. 2000; Wren et al. 2001), increased food
intake, and weight gain (Asakawa et al. 2001; Druce et al.
2005; Tschop et al. 2000). Based on these findings, it has been
proposed that ghrelin plays a major role in meal initiation by
acting as a hunger signal transmitted from the stomach to the
brain in response to the feeding state and energy balance of the
body, thus participating in the long-term regulation of body
weight and energy homeostasis (Cummings et al. 2001). The
receptor that mediates most of ghrelin’s actions, GHS-R 4, is
most abundantly expressed in the hypothalamus, and in par-
ticular the arcuate (Arc) and the ventromedial (VMH) nuclei,
as well as the pituitary gland (Bennett et al. 1997; Guan et al.
1997; Howard et al. 1996; Zigman et al. 2006). The Arc
nucleus of the hypothalamus contains neuropeptide Y
(NPY)/agouti-related gene product (AgRP) co-expressing
neurons and proopiomelanocortin (POMC)/cocaine- and
amphetamine-regulated transcript (CART) co-expressing neu-
rons that project to the lateral and paraventricular hypothala-
mus (Arora and Anubhuti 2006; Elmquist 2001). These
groups of neurons are important segments of the homeostatic
hypothalamic circuits that regulate appetite, food intake, and
body weight (Bouret et al. 2004). It is believed that the
orexigenic properties of ghrelin are mainly mediated by its
ability to induce the depolarization of the NPY/AgRP neurons
and to increase inhibition of the POMC/CART neurons of the
aforementioned circuit (Schellekens et al. 2010; Zigman and
Elmquist 2003). In turn, connections of the lateral hypothala-
mus to the VTA and the shell of the nucleus accumbens
(NAcc) may be involved in the regulation of reward process-
ing and feeding(Maldonado-Irizarry et al. 1995; Richardson
and Aston-Jones 2012; Stratford and Wirtshafter 2012;
Urstadt et al. 2013a, b). GHS-R 5 is unusual in that it shows
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a high constitutive activity, i.e., it demonstrates a high degree
of basal downstream signaling activity independently of bind-
ing by its ligand, ghrelin (Mear et al. 2013). In addition, GHS-
R;s dimerizes various other receptors, e.g., the GHS-Ryy,
receptor and the dopamine 1 and 2 receptors (D; and D,)
(Schellekens et al. 2013b). The high constitutive activity and
the ability for heterodimerization of the GHS-R| 4 are believed
to have important physiological effects on ghrelin signaling
(Mear et al. 2013; Schellekens et al. 2013a, b). At the same
time, both acyl and des-acyl ghrelin have actions that are
independent of GHS-R;, (Thompson et al. 2004). For in-
stance, des-acyl ghrelin increases food intake with intra-
cerebroventricular (ICV) but not peripheral administration
(Toshinai et al. 2006). However, the exact function and phys-
iologic importance of des-acyl ghrelin remain to be elucidated
(Hosoda et al. 2000).

Ghrelin is not only involved in energy homeostasis, but is
also implicated in the modulation of the rewarding aspects of
food and the function of the reward system. First, ghrelin
receptors are located on various neurons of the reward system,
including the ventral tegmental area (VTA) (Abizaid 2009;
Guan et al. 1997; Naleid et al. 2005). In addition, it has been
shown in mice that ghrelin injections to the third ventricle, the
VTA, or the laterodorsal tegmental area (LTDg) cause an
increase of extracellular dopamine in the NAcc (Abizaid
et al. 2006; Jerlhag et al. 2006, 2007). In fact, administration
of ghrelin in the VTA triggers feeding, whereas administration
of a GHS-R,; 4 antagonist in the VTA blocks the orexigenic
effects of circulating ghrelin and reduces rebound feeding
following fasting (Abizaid et al. 2006). Even the systemic
administration of ghrelin increases the concentration of extra-
cellular dopamine, dopamine turnover, and synapse formation
in the NAcc (Abizaid et al. 2006; Jerlhag 2008), with this
increase of dopamine happening specifically in the shell and
not the core of the NAcc (Quarta et al. 2009). This anatomic
distribution of dopamine increase is also observed with a
range of drugs of abuse and palatable foods (Pontieri et al.
1995; Tanda and Di Chiara 1998). In addition, ghrelin stimu-
lates locomotion not unlike natural and artificial rewards (i.e.,
drugs of abuse) do. The above effects are probably mediated
by cholinergic neuronal input from the LTDg to the VTA, an
area also stimulated by food (Jerlhag et al. 2006, 2012; Rada
et al. 2000). Interestingly, systemic ghrelin administration can
also induce conditioned place preference (CPP) (Jerlhag
2008) similar to substances of abuse. Lastly, based on func-
tional imaging studies on humans, ghrelin can increase the
activity of brain areas involved with reward processing during
the presentation of food-related images (Malik et al. 2008).
Based on the above evidence, ghrelin is thought to be aug-
menting the rewarding properties of food via its effects on the
mesolimbic dopaminergic pathways of the reward system,
thus influencing the motivation for acquiring food
(Cummings et al. 2007; Jerlhag et al. 2007).
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The mesolimbic reward system is influenced profoundly
by substances of abuse after acute and chronic exposure
(Nestler 2005). Since ghrelin appears to be augmenting be-
haviors that lead to the procurement of natural rewards such as
foraging by acting as a hunger signal, it has been proposed that
it may also be involved in augmenting behaviors that lead to
obtaining artificial rewards, such as drug-seeking behaviors,
by acting as a craving-inducing factor (Jerlhag et al. 2010).
Additionally, several studies document a bidirectional rela-
tionship between food and drugs of abuse. First, food depri-
vation strengthens the effects of many drugs of abuse (Carroll
1998), and food intake reduces acquisition of certain classes of
substances (Carroll and Lac 1998). Interestingly, intermittent
and excessive consumption of sugar can lead to brain
neuroadaptations and behaviors similar to the ones seen in
addiction (Avena et al. 2008), and abnormalities in the reward
system have been reported in imaging studies after prolonged
and excessive consumption of food and substances of abuse
(Holden 2001; Volkow et al. 2003a, b). Conversely, many
drugs of abuse have powerful effects on food intake and can
cause significant weight changes (Mohs et al. 1990). Lastly,
hunger and craving for drugs have been described to have
similar psychological qualities (Lee et al. 2006). Based on the
above findings and observations, it has been postulated that
the rewarding aspects of food and drugs of abuse share some
of the same neuronal signaling pathways (DiLeone et al.
2003) and that ghrelin participates in the mediation of this
bidirectional relationship.

Following this line of reasoning, it appears likely that the
examination of the ghrelin signaling system may provide
valuable insights into the pathophysiology of addiction. This
review summarizes the findings of preclinical and clinical
studies relating to ghrelin’s role in addiction as they apply to
each specific class of substances.

Ghrelin and alcohol
Animal studies

Ghrelin has been the subject of several investigations utilizing
animal experiments related to alcohol (see Table 1). Accord-
ing to a study examining the effects of ghrelin administration
on mice exposed to alcohol for 9 weeks in the context of a
two-bottle (alcohol/water) free-choice limited-access para-
digm, ICV, VTA, or LTDg administration of acyl ghrelin
increased alcohol intake, with this increase being higher with
the VTA and LTDg route. This effect of ICV ghrelin admin-
istration was absent in GHS-R1A knockout mice. In addition,
peripheral or ICV administration of a GHS-R| 4 antagonist led
to a decrease in alcohol consumption (Jerlhag et al. 2009). In
contrast, in a study utilizing drinking in the dark procedures in
relatively alcohol-naive mice (preexposed to alcohol for

3 days), the peripheral administration of ghrelin did not have
an effect on alcohol consumption (Lyons et al. 2008). The
divergent results could perhaps be explained by differences in
the protocol of the studies. For instance, the mice used in the
latter study were exposed to alcohol for a much shorter period
of time in comparison to those in the former study prior to
ghrelin administration. Perhaps different mechanisms are re-
sponsible for the reinforcing effects of alcohol in alcohol-
naive mice in comparison to more chronically exposed
animals.

Several studies have examined the effects of GHS-R;
antagonists (Bahi et al. 2013; Landgren et al. 2011c;
Suchankova et al. 2013b). Treatment of standard laboratory
rats with a GHS-R;, antagonist reduced the operant self-
administration of 10 % alcohol and the number of active lever
presses without affecting inactive lever presses. In the same
strain, a GHS-R 5 antagonist reduced both alcohol consump-
tion in the intermittent access 20 % alcohol two-bottle choice
drinking paradigm and preference of alcohol over water. In an
alcohol-preferring rat strain, a GHS-R, o antagonist reduced
alcohol intake and alcohol preference in the two-bottle choice
limited-access drinking paradigm (Landgren et al. 2011c).
Similar results were reported by Bahi and colleagues who
showed that GHS-R; 4 antagonism suppressed both operant
alcohol self-administration and alcohol consumption in wild
type but not in ghrelin/obestatin prepropeptide gene (ghrl)
knockout mice (Bahi et al. 2013) and by Kaur et al. who
demonstrated that a GHS-R; 5 antagonist reduced preference
for alcohol and alcohol intake in male mice undergoing a two-
bottle choice experiment (Kaur and Ryabinin 2010). In a
separate study, a single administration of a GHS-R; 5 antago-
nist reduced alcohol intake in rats following voluntary alcohol
consumption for 2 and 5 months with the effects being more
pronounced after the 5-month-long exposure. Repeated treat-
ment with a GHS-R, 5 antagonist over 10 days resulted in a
reduction of alcohol intake following 8 months of voluntary
alcohol consumption and prevented the alcohol deprivation
effect. Tolerance to the effects of the GHS-R 4 antagonist and
rebound increase in alcohol intake were not observed
(Suchankova et al. 2013b).

In terms of genetic evidence, it has been demonstrated that
the alcohol-induced increase of dopamine in the NAcc is
attenuated in ghrl knockout mice (Bahi et al. 2013;
Jerlhag et al. 2011). Additionally, the alcohol-induced loco-
motor stimulation is attenuated in both heterozygote and
homozygote ghrl knockout mice. ICV administration of
acyl ghrelin increased alcohol, food, and fluid intake in wild
type, heterozygote, and homozygote ghrl knockout mice to
a similar degree. No baseline differences in alcohol or food
intake between the three groups prior to treatment with ghrelin
were detected (Jerlhag et al. 2011). Additionally, it has been
shown that GHS-R1A gene expression is increased in a high-
alcohol-consuming rat strain (AA) as compared to a low-
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Table 1 Characteristics of ghrelin studies in animals

Study design Substance Results Author(s)
Ghrelin administration ~ Alcohol ICV, LDTg, or VTA administration of ghrelin increases alcohol intake Jerlhag et al. (2009)
Peripheral ghrelin administration does not increase alcohol intake Lyons et al. (2008)
Stimulants Ghrelin administration enhances cocaine-induced CPP Davis et al. (2007)
Ghrelin administration enhances cocaine-induced hyperlocomotion Wellman et al. (2005);
Wellman et al. (2008)
Opioids Ghrelin administration augments heroin self-administration by increasing Maric et al. (2012)
the break point
Cannabinoids Ghrelin administration increases the endocannabinoid content of the Kola et al. (2008)
hypothalamus
Circulating ghrelin levels Alcohol High-alcohol-preferring rats (WHP) have lower ghrelin levels than low- Szulc et al. (2013)
alcohol-preferring rats (WLP) or Wistar PR and NP rats
High-alcohol-preferring rats (AA) have similar baseline ghrelin levels to Landgren et al. (2011b)
low-alcohol-preferring rats (ANA)
Stimulants Positive correlation between peripheral total baseline ghrelin levels and Tessari et al. (2007)
the number of lever presses during reinstatement following exposure
to cocaine-associated conditioned stimuli
Substance administration Alcohol Single administration of alcohol increases ghrelin levels in high-alcohol- Szulc et al. (2013)
preferring rats
Long-term alcohol exposure (4 or 8 weeks) decreases ghrelin levels more Szulc et al. (2013)
for alcohol-preferring rats than controls
Central ghrelin signaling mediates the alcohol-induced locomotor Jerlhag et al. (2014)
stimulation, NAcc dopamine increase, and CPP
After long-term exposure, AA rats have significantly smaller reduction Landgren et al. (2011b)
in plasma ghrelin levels than ANA rats
Nicotine Administration of nicotine for 4 weeks increases acyl ghrelin levels Tomoda et al. (2012)
Stimulants Acute administration of methamphetamine under ad libitum food Crowley et al. (2005)
access increases ghrelin levels; under food restriction, it decreases
ghrelin levels
Acute administration of methamphetamine has no effect on ghrelin levels Kobeissy et al. (2008)
Acute high-dosage (but not low dose) MDMA administration increases Kobeissy et al. (2008)
total ghrelin levels under ad libitum food access
GHS-R 5 antagonist Alcohol GHS-R; 5 antagonism reduces alcohol consumption in rodents Landgren et al. (2011c);
administration Bahi et al. (2013);
Kaur and Ryabinin (2010)
Single administration and treatment over 10 days of a GHS-R, 5 antagonist ~Suchankova et al. (2013b)
after chronic alcohol consumption (2—8 months) reduces alcohol intake
Nicotine GHS-R, 4 antagonism attenuates the nicotine-induced locomotor stimulation, Jerlhag and Engel (2011)
CPP, and dopamine release in the NAcc
GHS-R; 5 antagonism attenuates nicotine-induced locomotor sensitization =~ Wellman et al. (2011)
Stimulants GHS-R 5 antagonism attenuates the stimulant-induced locomotor Jerlhag et al. (2010);
stimulation Clifford et al. (2012)
GHS-R,  antagonism attenuates CPP Jerlhag et al. (2010)
GHS-R, 4 antagonism attenuates the dopamine increase in Jerlhag et al. (2010)
the NAcc
Opioids GHS-R; 5 antagonism does not influence heroin self-administration Maric et al. (2012)
and food-deprivation-induced heroin reinstatement but decreases
inactive lever presses
Substance antagonism Cannabinoids Cannabinoid receptor antagonism reduces acyl ghrelin levels in food- Cani et al. (2004)
deprived rats
Cannabinoid receptor antagonism inhibits the ghrelin-induced increase Tucci et al. (2004)
of food intake
Substance-related gene  Cannabinoids The ghrelin-induced increase in food intake, AMPK activity, and the Kola et al. (2008)
manipulation endocannabinoid content of the hypothalamus is not observed in
CB1 knockout mice
Ghrelin-related gene Alcohol Alcohol-induced locomotor stimulation and CPP are attenuated in Jerlhag et al. (2011);

manipulation or
expression
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ghrl knockout mice

GHS-R1A gene expression is increased in high-alcohol-preferring
rats compared to that in low-alcohol-preferring rats after prolonged
alcohol exposure

Babhi et al. (2013)
Landgren et al. (2011b)
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Table 1 (continued)

Study design Substance Results Author(s)

Tolerance to the effects of the GHS-R; 5 antagonist and rebound increase Suchankova et al. (2013b)
in alcohol intake are not reported

Alcohol consumption is decreased in ghrl knockout mice Bahi et al. (2013)

Before exposure to alcohol, high-alcohol-preferring rats (WHP) have lower ~ Szulc et al. (2013)
ghrelin than low-alcohol-preferring rats (WLP). Single administration
of alcohol increases ghrelin levels in WHP but decreases it in WLP.
Long-term exposure (4-8 weeks) decreases ghrelin levels more for
alcohol-preferring rats than controls

Stimulants Ghrl knockouts show attenuated stimulant-induced locomotion Abizaid et al. (2011)

stimulation

Ghsr knockouts show attenuated stimulant-induced locomotion

stimulation

Ghsr knockouts do not show the food-restriction-induced augmentation

Clifford et al. (2012)

Clifford et al. (2011)

of food-associated anticipatory locomotion, but ghrl knockouts show

an attenuated response

Cannabinoids In GHSR knockout mice, the ghrelin- or CB1-agonist-induced hypothalamic Lim et al. (2013)
increase of AMPK activity is abolished

ICV intracerebral ventricular, LDTg laterodorsal tegmental area, /'7A ventral tegmental area, MDMA 3 A-methylenedioxy-N-methylamphetamine, CB/
cannabinoid receptor, ghsr growth hormone secretagogue receptor gene, WHP Warsaw high-preferring rats, WLP Warsaw low-preferring rats, PR Wistar
alcohol-preferring rats, NP Wistar non-preferring rats, A4 Alko high-preferring rats, ANA Alko low-preferring rats, ghr/ ghrelin/obestatin prepropeptide

gene, AMPK AMP (adenosine monophosphate)-activated protein kinase

alcohol-consuming strain (ANA) in the NAcc, VTA, amyg-
dala, prefrontal cortex, and hippocampus but not in the pre-
frontal cortex following a 14-week-long period of alcohol
consumption. The two strains did not differ in their baseline
preexposure plasma total ghrelin levels, but the AA rats
showed a smaller reduction of ghrelin levels after alcohol
exposure than the ANA rats (Landgren et al. 2011b). Further-
more, growth hormone secretagogue receptor gene (ghsr)
expression was reduced in high-alcohol-consuming rats as
compared to their low-consuming counterparts after
10 months of alcohol use and a series of treatments with a
GHS-R, 5 antagonist. A negative correlation between ghsr
expression in the VTA and alcohol intake was observed. No
differences in the methylation degree of a CpG island of
ghsr were demonstrated between high- and low-alcohol-
consuming rats following approximately 10 months of volun-
tary alcohol consumption. Of note, the aforementioned ani-
mals had undergone treatment with a GHS-R;, antagonist
with their last injection received 4 weeks prior to sample
collection (Suchankova et al. 2013b). In another recent study,
it was demonstrated that alcohol-induced CPP, locomotor
stimulation, and voluntary alcohol consumption in a two-
bottle choice drinking paradigm were decreased in ghrl
knockout mice and mice receiving a GHS-R;, antagonist
when compared to controls (Bahi et al. 2013).

In addition, it has recently been demonstrated by the use of
artificial nucleotide binding technology that central ghrelin
signaling (and not peripherally circulating ghrelin levels) is

important for the mediation of alcohol reward including the
alcohol-induced locomotor activity, NAcc dopamine increase,
and CPP (Jerlhag et al. 2014). Results from studies that
examine ghrelin levels in animal strains with varying degrees
of preference for alcohol prior to and following exposure to
alcohol show mixed results. For example, prior to alcohol
exposure, one study found that Warsaw high-alcohol-
preferring rats had lower levels of ghrelin when compared to
Warsaw low-alcohol-preferring rats, Wistar high-alcohol-
preferring (WHP) rats, or Wistar low-alcohol-preferring
(WLP) rats (Szulc et al. 2013). Another study found that prior
to alcohol exposure, there were no differences in ghrelin levels
between Alko high-alcohol-preferring rats and Alko low-
alcohol-preferring rats (Landgren et al. 2011b). The possibility
that ghrelin is involved in determining the degree of alcohol
preference for some high-alcohol-preferring strains but not for
others could perhaps explain these discrepant results. In the
aforementioned study by Szulc et al., a subsequent single
administration of alcohol resulted in a directly proportional
increase of total and acyl ghrelin levels in WHP rats and an
inversely proportional decrease of total and acyl ghrelin levels
in WLP rats and Wistar rats. Following more prolonged
exposure to alcohol (4 or 8 weeks), acyl ghrelin levels de-
creased overall in comparison to baseline; Wistar alcohol-
preferring rats (PR) had lower acyl and total ghrelin levels
than Wistar alcohol-non-preferring rats (NP), and WHP had
lower acyl and total ghrelin than WLP rats (Szulc et al. 2013).
So, it appears that different strains demonstrate divergent
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responses to a single administration of alcohol in terms of
ghrelin levels. With more prolonged exposure to alcohol,
ghrelin levels decrease across strains, but high-alcohol-
preferring strains show a more pronounced decrease than
low-alcohol-preferring strains.

Human studies

In humans, several lines of research have been conducted in
connection to ghrelin and alcohol (see Table 2). Ghrelin
administration has been shown to increase cue-induced crav-
ing in alcohol-dependent, heavy drinkers (Leggio 2013).
Fasting plasma and gastric fundus acyl ghrelin levels were
lower in patients with alcohol dependence admitted to the
hospital for alcohol withdrawal as compared to those in con-
trols. Patients who reported that they had their last drink
longer than 24 h prior to admission were excluded from the
study. (Badaoui et al. 2008). Similarly, fasting total ghrelin
levels were lower in male patients with alcohol dependence
who consumed at least 80 g of alcohol over the previous 24 h
as compared to those in controls. There was a significant
correlation between fasting total ghrelin levels and craving
scores (Addolorato et al. 2006). Others have reported that
fasting acyl plasma ghrelin levels were higher in male patients
with alcohol dependence following at least 30-day-long absti-
nence in comparison to those in controls who had no history of
alcohol dependence and abstained from alcohol for at least
72 h. In the alcohol dependence group, fasting acyl ghrelin
was correlated positively with the duration of abstinence and
negatively with daily alcohol intake prior to abstinence. The
BMI was accounted for as a covariate in the analysis (Kim
et al. 2005). In another study, patients with alcohol depen-
dence had higher fasting total ghrelin levels at various time
points within 10 days from getting hospitalized in comparison
to controls. Early abstainers (who had their last drink 24—72 h
beforehand) had higher fasting total ghrelin levels than active
drinkers. No correlations were found between fasting total
ghrelin levels and craving scores (Kraus et al. 2005). Meth-
odological issues could perhaps explain the discrepant find-
ings between this study and the findings of Addolorato et al.
(Addolorato et al. 2006). There were differences in the fol-
lowing: total ghrelin levels in patients with alcohol depen-
dence early in recovery, inclusion/exclusion criteria, the mea-
surement of total and not acyl ghrelin levels, and the lack of
controlling for all the factors that can influence ghrelin levels
(please see “Discussion” section for further details). In a
sample of 61 male inpatients with alcohol dependence, a
positive correlation was observed between fasting acyl ghrelin
and alcohol craving scores both at the onset of alcohol with-
drawal and following 14 days of abstinence. Acyl ghrelin
increased during these 14 days of abstinence in comparison
to baseline. No correlation was observed between total ghrelin
and craving scores; total ghrelin levels did not change
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significantly during the study period (Koopmann et al.
2012). According to a double-blind treatment study that eval-
uated ghrelin levels in patients with alcohol dependence
assigned to baclofen or placebo for 12 weeks, baseline (fol-
lowing 3 days of abstinence) fasting total ghrelin levels were
higher in the patients that ended up relapsing when compared
with those who remained abstinent. Additionally, during these
12 weeks, total ghrelin levels decreased in the non-abstinent
group and increased in the abstinent group. Baseline ghrelin
levels were positively correlated with higher alcohol craving
scores 6 and 12 weeks later (Leggio et al. 2012). In a study
examining gender effects on ghrelin levels, it has been report-
ed that total ghrelin levels were higher in female patients with
alcohol dependence as compared to those in male patients
following alcohol detoxification (on average 11.2 days after
alcohol cessation) and after 3 weeks of subsequent rehabilita-
tion. Various factors that influence ghrelin such as BMI and
alcohol dependence severity were controlled for. No such
difference was detected between males and females in the
control group. Additionally, total ghrelin levels were higher
in patients with alcohol dependence following alcohol detox-
ification as compared to those in controls; this difference was
no longer detectable after 3 weeks of rehabilitation, especially
because ghrelin levels decreased in male patients. Moreover,
total ghrelin levels were higher in female patients with alcohol
dependence following alcohol detoxification in comparison to
those in female controls; this difference was not detected in
males. Of note, the authors did not mention whether ghrelin
measurements occurred following fasting (Wurst et al. 2007).

In several substance administration studies in healthy
volunteers, acute administration of a moderate oral dose
of alcohol resulted in a rapid and significant reduction of
fasting total and acyl ghrelin which persisted for at least
5 h (Calissendorff et al. 2005, 2006; Zimmermann et al.
2006). Accordingly, the intravenous administration of alco-
hol in healthy social drinkers resulted in a blunting of the
fasting-induced increase of plasma acyl ghrelin trending
toward statistical significance (Leggio et al. 2013). Studies
indicate that the aforementioned effects are independent of
the caloric value of alcohol (Calissendorff et al. 2005;
Nedvidkova et al. 2003).

In terms of genetic evidence, a single-nucleotide
polymorphism (SNP) rs2232165 of the GHS-R1A gene
has been associated with heavy alcohol consumption in
a Spanish sample (Landgren et al. 2008). In a study on
female patients with severe alcohol dependence in Swe-
den, SNPs of the pro-GHRL and the GHSR were not
associated with alcohol dependence. According to the
same study, the GHRL haplotype was associated with
paternal alcohol dependence and reported alcohol with-
drawal symptoms, whereas a GHSR haplotype was as-
sociated with type II alcohol dependence (more geneti-
cally driven)(Landgren et al. 2010). In a separate study



Psychopharmacology (2014) 231:2725-2740

2731

Table 2 Characteristics of ghrelin studies in humans

Study design Substance Results Author
Ghrelin administration Alcohol Administration of ghrelin in alcohol-dependent heavy Leggio et al. (2013)
drinkers results in cue-induced craving
Circulating ghrelin Alcohol Recently detoxified alcoholics have lower ghrelin than Badaoui et al. (2008);
levels controls, but some studies show increase in ghrelin Kraus et al. (2005)
Abstainers have higher ghrelin levels than controls Kim et al. (2005)
Abstainers have higher ghrelin levels than active drinkers Kraus et al. (2005)
There is a positive relationship between ghrelin levels and Addolorato et al. (2006);
craving for alcohol Koopmann et al. (2012);
Leggio et al. (2012)
During treatment (12 weeks), those that relapse have higher Leggio et al. (2012)
ghrelin than abstainers but over time abstainers’ ghrelin
levels increase while in non-abstainers, they decrease
Female alcoholics have higher ghrelin levels after Warst et al. (2007)
detoxification than male alcoholics and female controls.
There is no difference in ghrelin levels between male
alcoholics and male controls
Nicotine Smoking history is associated with higher fasting acyl Langenberg et al. (2005)
and total ghrelin levels
Healthy, older (58-year-old) smokers have higher acyl Fagerberg et al. (2003)
ghrelin levels than non-smokers
No association between smoking status and fasting total Poykko et al. (2006);
ghrelin levels Mutschler et al. (2012)
A decrease of fasting acyl ghrelin levels 2 months after Lee et al. (2006)
smoking cessation
Substance administration Alcohol Alcohol administration lowers ghrelin levels in healthy controls Calissendorft et al. (2006);
Calissendorff et al. (2005);
Zimmermann et al. (2006)
Fasting-induced increase in ghrelin is blunted by intravenous Leggio et al. (2013)
alcohol administration
Nicotine Nicotine administration does not influence fasting total Kokkinos et al. (2007)
ghrelin in smokers but results in a decrease of fasting
total ghrelin in non-smokers
Acute smoking is associated with an increase in acyl ghrelin Fagerberg et al. (2003)
levels within the first hour after smoking
Others have reported an increase in fasting total ghrelin in Bouros et al. (2006)
both non-smokers and smokers
Genetic associations Alcohol SNPs of the GHRL are not associated with alcohol dependence Landgren et al. (2010)
The Leu72Met polymorphism is not associated with alcohol Leggio et al. (2012)
dependence
The A allele of the SNP rs2232165 of the GHS-R1a gene is Landgren et al. (2008)
associated with heavy alcohol consumption
Nicotine Two GHSR gene haplotypes are associated with smoking status Landgren et al. (2010)
Stimulants The Leu72Met polymorphism of the GHRL is not associated Yoon et al. (2005)

with methamphetamine dependence
Allele of the GHSR 152948694 SNP is associated with
methamphetamine dependence

Suchankova et al. (2013a)

GHSR growth hormone secretagogue receptor gene, GHRL ghrelin/obestatin prepropeptide gene, SNP single-nucleotide polymorphism

with type I alcohol-dependent men and women (more
environmentally driven), the authors examined the rela-
tionship between reward-related genes, four dimensions
of temperament (novelty seeking, harm avoidance, re-
ward dependence, and persistence), and three dimensions
of character (self-directedness, cooperativeness, and self-
transcendence) using the Temperament and Character
Inventory scale (Cloninger 1994). No association

between SNPs and type I alcohol dependence was found.
However, ghrelin-related SNPs were associated with de-
creased self-directedness and alterations in self-
transcendence (Landgren et al. 2011a). In another study,
no association was demonstrated between the Leu72Met
polymorphism of GHRL and alcohol dependence, and no
differences were documented in terms of drinks per day,
age of onset, duration of addiction, or family history of
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alcoholism among patients with alcohol dependence with
different GHRL polymorphisms (Leggio et al. 2012).

Summary

In the animal literature, central (Jerlhag et al. 2009, 2011)
but not peripheral (Lyons et al. 2008) ghrelin administration
can increase alcohol intake. The differing length of
preexposure to alcohol may be the reason for the discrepant
results of the above studies as mentioned above. Neverthe-
less, it is impressive and very pertinent to addiction that
administration of ghrelin in areas of the reward circuitry of
the brain can lead to an even more pronounced increase in
alcohol intake. Different rat strains have different baseline
ghrelin levels and react differently to a single administra-
tion of alcohol. It is possible that ghrelin is involved in
determining the degree of alcohol preference for some
high-alcohol-preferring strains but not for others. However,
these differences disappear with longer exposures to alco-
hol. There is a decrease of ghrelin levels across strains.
GHS-R; 4 antagonism has been shown to decrease alcohol-
induced CPP and locomotor stimulation, voluntary alcohol
consumption, and alcohol preference. Even in animals
chronically exposed to alcohol, both a single and repeated
administration of a GHS-R;, antagonist can reduce volun-
tary alcohol consumption and prevent the alcohol depriva-
tion effect. Consistently, ghrl knockout mice have
shown an attenuated alcohol-induced increase of dopamine
in the NAcc, attenuated locomotor stimulation, and CPP
and decreased alcohol consumption. These are consistent
and promising findings indicating that ghrelin signaling
plays a significant role in mediating the rewarding effects
of alcohol.

In humans, studies with alcohol-dependent subjects show
that there is a difference between abstainers and controls in
that (1) abstainers have higher levels of plasma ghrelin than
controls, (2) there is a relationship between ghrelin levels and
abstinence, and (3) active drinkers have lower levels of ghrelin
in comparison to abstainers. More recently, there are studies
showing that there is a positive association between ghrelin
levels and cravings. Studies with recently hospitalized alcohol
dependent patients show that higher levels of ghrelin are
associated with stronger cravings at least 12 h after their last
drink. One treatment study that evaluated ghrelin levels lon-
gitudinally (over 12 weeks) in alcohol dependent patients
found that higher baseline ghrelin levels predicted subsequent
cravings and relapse. One could envision that if these findings
are replicated, ghrelin levels could be utilized as a simple
laboratory test that could distinguish patients with a higher
probability for relapse early in recovery. In regard to genetic
evidence, the associations of a polymorphism of the GHS-
R1A gene with heavy alcohol consumption and of a haplotype

@ Springer

of GHSR with type II alcohol dependence in female patients
are encouraging but preliminary.

Ghrelin and nicotine
Animal studies

To date, only a few animal studies have examined the rela-
tionship between ghrelin and nicotine. Namely, according to a
study on the effects of a 4-week-long exposure to cigarette
smoke in ad libitum-fed rats, acyl ghrelin levels were signif-
icantly higher in comparison to those in controls, but des-acyl
ghrelin levels were not influenced. Blood was collected fol-
lowing anesthesia 12 h after the end of smoke exposure. The
weight of the smoking group was lower than that of the non-
exposed one. The authors suggest that the increase in acyl
ghrelin was likely due to the relative negative energy balance
of the smoking group in comparison to the non-smoking
group (Tomoda et al. 2012). According to a study that exam-
ined the influence of a GHS-R; 4 antagonist on the effects of
nicotine in mice, pretreatment with a single dose of a GHS-
R4 antagonist decreases the nicotine-induced locomotor
stimulation, CPP, and release of extracellular dopamine in
the NAcc (Jerlhag and Engel 2011). Similarly, another study
reported that intraperitoneal pretreatment with a GHS-R;,
antagonist attenuated the nicotine-induced hyperlocomotor
response in rats (Wellman et al. 2011).

Human studies

In humans, there is a series of studies examining ghrelin levels
in smokers. According to a study on the metabolic syndrome,
smoking history was associated with total ghrelin levels after
controlling for other factors that influence ghrelin (e.g., BMI,
age, and sex); the blood samples were collected following
12-h fasting, but it is unclear whether the acute effects of
smoking were accounted for (Langenberg et al. 2005). In a
study examining ghrelin levels and insulin sensitivity,
smokers had higher acyl ghrelin levels than non-smokers. This
association survived controlling for various factors that influ-
ence ghrelin (waist circumference, glucose infusion rate) but
not others (body fat). Also, acute smoking was associated with
an increase of acyl ghrelin levels within the first hour after
smoking. Possible confounding factors included varied times
from the last cigarette and its assessment relying on self-report
(Fagerberg et al. 2003). In a study examining risk factors for
atherosclerosis, no correlation between fasting total ghrelin
levels and smoking status was found. Among current
smokers, no correlation was detected between the amounts
of cigarettes smoked daily and fasting total ghrelin levels. Of
note, all smokers were instructed to abstain from smoking
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during the morning prior to the study day (Poykko et al. 2006).
In a study of healthy, treatment-seeking, smokers who suc-
cessfully quit smoking during the study period, decreased
fasting plasma acyl ghrelin levels were observed after
2 months of abstinence from smoking in comparison to base-
line (prior to smoking cessation). The change of acyl ghrelin
levels did not correlate with changes of other body composi-
tion parameters (Lee et al. 2006). According to a small study
with male smokers and non-smokers (n=21), total ghrelin
levels were not associated with nicotine withdrawal symptoms
or tobacco craving 24 h after the onset of lab-verified nicotine
abstinence, but there was a non-significant decrease of total
ghrelin levels in comparison to baseline. No differences were
detected in terms of total ghrelin levels between smokers and
non-smokers. Of note, participants were asked to have only a
light meal at least 2 h prior to the study sessions, but there was
no prolonged fasting requirement, and other factors (e.g., BMI
and age) were not controlled for (Mutschler et al. 2012).

In terms of the acute effects of smoking, it was demonstrat-
ed that smoking two consecutive cigarettes under controlled
conditions did not have an effect on fasting total ghrelin
plasma levels in smokers but induced a decline in non-
smokers that was significant 30 and 60 min later. No differ-
ences were observed in the baseline (prior to smoking) fasting
total ghrelin values between smokers and non-smokers. Of
note, overnight abstinence from smoking was requested from
all volunteers (Kokkinos et al. 2007). In another laboratory
study with fasting, smoking, and non-smoking men and wom-
en, total ghrelin levels increased 2, 5, and 15 min after
smoking one cigarette. One hour after smoking initiation,
the effects of smoking subsided, and there was no significant
difference between smokers and non-smokers in terms of total
ghrelin levels (Bouros et al. 2006). One study that examined
the genetics of alcohol dependence in female patients with
severe alcohol dependence in Sweden reported that two hap-
lotypes of the GHSR were associated with smoking status
(Landgren et al. 2010).

Summary

In animals, the evidence is limited. One study showed nicotine
administration increases acyl ghrelin levels. The other, GHS-
R, antagonist attenuates some of the behavioral and bio-
chemical effects of nicotine. In humans, the results of the
literature are somewhat mixed. Most, but not all, studies show
that (1) smokers have higher ghrelin levels than non-smokers
and (2) smoking cessation leads to decreases in ghrelin levels.
The results from nicotine administration studies are less clear.
Some show that smoking increases ghrelin levels in both
smokers and non-smokers; others show no change in smokers
but either decreases or increases in ghrelin in non-smokers. It
is challenging to reconcile these inconsistent findings unless
one attributes them to methodological differences that can

unduly influence the results. It should be noted that in many
of these mainly cardiovascular and endocrinologic studies,
ghrelin was not the main focus but rather a secondary outcome
measure. As a result, many factors that influence ghrelin levels
were not adequately controlled. For instance, abstinence prior
to blood collection was assessed using only self-report mea-
sures. Differences in timing of measurement of ghrelin levels
after the last cigarette, amount of cigarettes smoked by each
group, and measurement of total instead of acyl ghrelin levels
constitute additional methodological weaknesses of some of
the above studies (please see “Discussion” section for further
details). Of note, non-fasting ghrelin levels are of limited
utility given the significant variation of ghrelin depending on
the feeding state. Therefore, studies suffering from this
methodological issue were not further reviewed here.

Ghrelin and stimulants
Animal studies

Davis and colleagues (2007) showed that pretreatment with
acyl ghrelin enhanced the cocaine-induced CPP in rats at
doses of cocaine below the threshold dose required to induce
CPP in the absence of ghrelin pretreatment. Surprisingly, rats
given a higher dose of cocaine did not show CPP when
pretreated with ghrelin (Davis et al. 2007). These results
suggest that acyl ghrelin may be capable of effectively reduc-
ing the threshold dose of cocaine required for CPP. It is
unclear why a reversal of the action of ghrelin was observed
in the higher cocaine dosage group. In a separate study, it was
shown that pretreatment with ghrelin prior to cocaine admin-
istration in rats can enhance the cocaine-induced stimulation
of locomotion (Wellman et al. 2005). This data provides a
putative mechanism for the augmentation of the locomotor
effects of cocaine that are observed in the context of food
deprivation (Bell et al. 1997). Additionally, daily administra-
tion of ghrelin in rats for over 7 days has been shown to
augment the effects of a single dose of cocaine on locomotion
on the first day following the above 7-day period. This sug-
gests that ghrelin mediates sensitization to the hyperlocomotor
effects of cocaine (Wellman et al. 2008).

In addition, the influence of circulating ghrelin levels on
the effects of stimulants has also been assessed. Tessari and
colleagues report a positive correlation between peripheral
total baseline ghrelin levels and the number of lever presses
during reinstatement of rats previously exposed to cocaine-
associated conditioned stimuli (Tessari et al. 2007). Therefore,
the authors of this study postulate that ghrelin may be in-
volved in the food-restriction-induced sensitization to envi-
ronmental cues that trigger drug-seeking behavior. It has been
argued that the timing of the sessions in relation to the feeding
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schedule and energy state of the rats was not controlled for
strictly in this study (Cummings et al. 2007).

In terms of the acute effects of stimulants on ghrelin levels,
it has been shown that administration of methamphetamine in
rats with ad libitum access to food increases ghrelin plasma
concentrations 2 h later as compared to that in placebo
(Crowley et al. 2005). In contrast, when methamphetamine
was administered 2 h prior to the presentation of food to rats
with scheduled and restricted food access, it produced a small
but significant reduction of ghrelin levels at the time of antic-
ipated food presentation. It is unclear whether the total or the
acyl portion of ghrelin was measured in this study (Crowley
et al. 2005). This illustrates the complexities involved in the
interpretation of ghrelin levels given that the effects of sub-
stances can vary depending on the exact feeding regimen of
the experimental subjects. Additionally, in ad libitum fed rats,
3,4-methylenedioxy-N-methylamphetamine (MDMA) has
been shown to produce a significant increase of total serum
ghrelin levels 6 h after successive administrations of dosages
equivalent to a binge-like pattern of use as compared to
controls and a significant increase 12 h later with the higher
dose tested; the ghrelin levels returned to baseline at 24 h.
Lower single doses did not produce a significant increase at
any time point. In a separate experiment with the same design
utilizing various dosages of methamphetamine, there was a
trend increase of total ghrelin levels 6 h later, but the changes
observed did not reach statistical significance at any time
interval (Kobeissy et al. 2008).

There are several animal studies on stimulants that examine
the effects of compromising the ghrelin signaling system.
According to a study by Abizaid et al., ghrl knockout mice
exhibit attenuated locomotion stimulation effects following
single or repeated cocaine administration in comparison to
their wild-type counterparts. There was a correlation between
these effects and alterations in dopamine utilization in the
striatum of wild-type mice. These alterations in dopamine
utilization were not observed in the knockout mice unless
they had been pretreated with ghrelin (Abizaid et al. 2011).
Furthermore, rats pretreated with either a higher or a lower
dose of a GHS-R; , antagonist exhibit an attenuated increase
of locomotion in response to cocaine. The lower dose of the
antagonist induced an attenuated increase of locomotion only
over the last 2 days of the experiment and not during the first
5 days. It should be noted that in the absence of cocaine, the
higher but not the lower dose of the GHS-R;, antagonist
induced a suppression of locomotion per se. In a separate
experiment, ghsr knockout rats also showed a decreased
cocaine-induced hyperlocomotion response in comparison to
wild-type rats (Clifford et al. 2012). Jerlhag et al. recently
showed that a GHS-R, 5 antagonist can attenuate the increase
in locomotor activity, the increase of extracellular dopamine in
the NAcc, and the CPP that are induced by either cocaine or
amphetamine in mice (Jerlhag et al. 2010). In a later line of
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experiments, ghrl knockout, ghsr knockout, and wild-
type mice were compared in terms of their locomotor response
to a single administration of relatively low dosages of cocaine
in the context of either food restriction or free access to food.
Under food restriction, the wild-type mice group exhibited the
expected food-associated increase in locomotion following
vehicle administration, the ghsr knockout group did not
show this response, and the ghrl group had an intermediate
response. The wild-type group exhibited greater increases in
locomotion in response to saline when under food restriction
than when under the free-feeding condition, but the ghsr
knockout mice did not exhibit this pattern of response. Fol-
lowing cocaine administration and while under food restric-
tion, an increase in locomotion was observed in both knockout
groups at the same level observed with the wild-type group.
Following cocaine administration under ad libitum access to
food, there were no changes in locomotion in any of the three
groups. The above results suggest that the ghsr and ghrl
are not required for the acute effects of low-dose cocaine on
locomotion in the context of food restriction. However, it
appears that the ghsr gene but not the ghrl is required
for the food-restriction-induced augmentation of food-
associated anticipatory locomotion (Clifford et al. 2011).

Human studies

To date, only a few genetic studies examined the relationship
between stimulant use disorders and the ghrelin signaling
system. Namely, according to a study of a Swedish popula-
tion, there is an association between an allele of the GHSR
1s2948694 SNP and methamphetamine dependence and an
association between the GHRL rs4684677 SNP and the Ad-
diction Severity Index (ASI) composite score of drug use
(Suchankova et al. 2013a). In a study of the Korean popula-
tion, no association was detected between the common
Leu72Met polymorphism of the GHRL and methamphet-
amine dependence in patients participating in a parole and
probation program (Yoon et al. 2005).

Summary

Accumulating data from animal studies indicates that ghrelin
administration can enhance some of the biochemical and
behavioral effects of stimulants. Also, consistent with findings
in alcohol and nicotine, a GHS-R 5 antagonist attenuates the
effects of stimulants. These findings in animals appear to be
quite consistent and indicate that the ghrelin signaling system
is a promising target for further research on stimulant use
disorders. The results of stimulant administration studies are
more mixed with experiments showing that methamphet-
amine and MDMA can increase ghrelin levels, decrease ghrel-
in levels, or have no effect. It is once again difficult to make
sense of these conflicting results. Methodological issues may
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be responsible for these discrepancies, e.g., measuring total
rather than acyl ghrelin levels and allowing ad libitum food
access rather than requiring prolonged fasting prior to ghrelin
measurement. In humans, there is only one study that reported
an association between an allele of the GHSR rs2948694 SNP
and methamphetamine dependence. Further research will be
required to examine whether the promising findings from the
animal literature could be expanded to humans.

Ghrelin and opioids

The endogenous opioid system is involved in the regulation of
the response to natural rewards including food (Skibicka and
Dickson 2011). This is illustrated by the fact that p-opioid
receptor agonists can increase food intake (Mucha and
Iversen 1986), palatability of food, and the willingness to work
for obtaining food (Doyle et al. 1993; Grigson 2002). On the
other hand, p-opioid receptor antagonists can reduce the he-
donic ratings of sugars and odors of palatable foods (Fantino
et al. 1986; Yeomans and Gray 1997) and the preference for
sweet high-fat food in humans (Drewnowski et al. 1992). At the
same time, in rats, ghrelin can modulate pain by attenuating the
development of carrageenan-induced hyperalgesia via an effect
mediated by the central opioid receptors (Sibilia et al. 2006).

Animal studies

In a series of ghrelin administration experiments in rats, ICV
administration of a higher but not a lower dose of ghrelin
augmented the self-administration of heroin in a progressive
ratio reinforcement schedule by increasing the break point.
However, ghrelin did not produce a significant increase of
active lever presses (the high-dose group trended toward statis-
tical significance). It should be noted that the size of the groups
was quite small (n=4 and n=11 for each group). In a separate
experiment, a GHS-R;, antagonist did not influence heroin
self-administration but decreased the number of inactive lever
presses. Following food deprivation, treatment with the GHS-
Ry antagonist did not attenuate food-deprivation-induced her-
oin reinstatement post extinction (Maric et al. 2012).

Human studies

To the best of our knowledge, there are no pertinent publica-
tions using human subjects.

Summary
Based on the results from a single animal study, ghrelin admin-

istration increases the break point for self-administration of
heroin, but GHS-R 4 antagonism has not been shown to affect

opioid self-administration (in contrast to its effects on alcohol
self-administration).

Ghrelin and cannabinoids

Endocannabinoids are known to be involved in the regulation
of appetite and food intake (Cota et al. 2003). Tetrahydrocan-
nabinol and endogenous cannabinoids are well known to
stimulate appetite (Kirkham 2005; Kirkham and Williams
2001), and cannabinoid receptor 1 (CB1) antagonists, e.g.,
rimonabant, reduce food intake (Black 2004). So, it is no
surprise that a series of experiments have been devised to
examine the connection of ghrelin and the cannabinoids.

Animal studies

First, it has been demonstrated that CB1 antagonists can
reduce circulating acyl ghrelin levels in food-deprived rats
(Cani et al. 2004). In fact, peripheral administration of a
CBI1 antagonist can inhibit GH secretion in a ghrelin-
dependent manner (Al-Massadi et al. 2010). In a separate line
of experiments examining the role of AMP-activated protein
kinase (AMPK), an enzyme involved in the regulation of food
intake and energy balance (Andersson et al. 2004), it was
demonstrated that AMPK activity was influenced by both
ghrelin and cannabinoids. It was consequently proposed that
AMPK may be a mediator of the orexigenic effects of canna-
binoids and ghrelin (Kola et al. 2005). Interestingly, in rats, a
cannabinoid antagonist can block the orexigenic effect of
central ghrelin administration (Alen et al. 2013; Tucci et al.
2004). In wild-type mice, central administration of ghrelin
increased food intake, the activity of AMPK, and the hypo-
thalamic endocannabinoid content. The cannabinoid antago-
nist, rimonabant, inhibited the ghrelin-induced increase of
AMPK activity and of the hypothalamic endocannabinoid
content. The ghrelin-induced increase in food intake, AMPK
activity, and hypothalamic endocannabinoid content was not
observed in CB1 knockout mice (Kola et al. 2008). Addition-
ally, both the ghrelin- and the CB1-agonist-induced increase
of AMPK activity in the hypothalamus were abolished in
ghsr knockout mice (Lim et al. 2013).

Human studies

In humans, the number of relevant and available studies is
limited. Namely, in a small study (n=8), hedonic eating, i.e.,
the consumption of food for pleasure, was associated with
increased peripheral levels of ghrelin and the endocannabinoid
2-arachidonoylglycerol in healthy humans.
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Summary

Based on the current available animal studies, it appears that
the endogenous cannabinoid system and the ghrelin system
interact in the regulation of food intake. Further research is
required to investigate the implications of these intricate in-
teractions to cannabis use disorders.

Discussion

A comprehensive review of the role of ghrelin in addiction
leads to a number of main conclusions: (1) ghrelin has an
impressive ability to augment the intake of alcohol and opi-
oids in animal studies; (2) most remarkably, in the case of
alcohol, nicotine and stimulants, GHS-R; 5 antagonism, and
manipulation of ghrelin-related genes in animal models can
decrease substance intake and attenuate behavioral and bio-
chemical effects that are considered important or even central
for the development of addiction (e.g., increased dopamine
release in the NAcc); (3) in humans, a very interesting finding
is that individuals with alcohol dependence may differ in
terms of ghrelin levels from healthy controls at various stages
of recovery; and (4) in alcohol-dependent patients, ghrelin
levels during early recovery may be predictive of future crav-
ings and potentially of relapse risk. The above observations
create hope for the discovery of a ghrelin-related pharmaco-
logical treatment for addiction, especially in the case of alco-
hol, nicotine, and stimulants. The active role of ghrelin in the
function of multiple parts of the reward system, e.g., the VTA,
LDTg, and NAcc, as described in this review, may explain
why a ghrelin-based pharmacological treatment could prove
effective for several different classes of substances of abuse. In
addition, if ghrelin is indeed proven to play a major role in the
sensitization to cue-triggered drug-seeking behavior, GHS-
R s antagonists may be useful in protecting from relapse. In
regard to cannabis and opioid use disorders, it would be
premature to reach conclusions given the limited available
evidence.

The current review of the available literature also raises
recurrent, methodological issues that should be addressed
when drawing conclusions regarding the role of ghrelin in
addiction. As mentioned earlier, it is well documented that
ghrelin levels fluctuate widely throughout the day in re-
sponse to multiple factors, e.g., the exact feeding state.
Therefore, these factors need to be controlled to the greatest
possible extent when examining how acute or chronic
exposure to substances of abuse affects ghrelin levels. Lack
of controlling for these factors could perhaps explain the
conflicting results of the above studies. For instance, food
was available ad libitum during some of the above exper-
iments, whereas it was restricted to varying degrees in
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others. In some studies, this was done by design, whereas
in others, the feeding state was just not controlled for
rigorously. Additionally, ghrelin measurements did not al-
ways follow prolonged fasting. This renders the interpreta-
tion of the findings challenging; it is not clear whether
these results can be explained by the direct effects of the
substance administered on ghrelin versus the exact feeding
state of the subjects (Kobeissy et al. 2008). The timing
elapsed from the administration of a substance to sample
collection also differed significantly from study to study.
This is particularly important for substances known to have
acute but transient effects on ghrelin levels and a short half-
life (e.g., alcohol or nicotine). Additionally, in many of the
related studies, fotal ghrelin and not acyl ghrelin levels
were assessed. Even though there is a correlation between
the two, this constitutes an important methodological weak-
ness. It should be mentioned that many of the reviewed
studies were designed and executed just a few years after
the discovery of ghrelin, at which time the importance of
assessing acyl ghrelin was not well known or technically
feasible.

In terms of future directions, implementing more rigorous
and improved methodologies as described above would be of
utmost importance to achieve a better understanding of the
involvement of ghrelin in addiction. It could also be argued
that measuring ghrelin levels or its effects in specific areas of
the brain that are implicated in the pathophysiology of addic-
tion rather than plasma levels may be more relevant to the
study of addiction. Little is known about how the ability of
GHS-R 4 to heterodimerize and its high constitutive activity
affect ghrelin signaling (Schellekens et al. 2013a). Studying
the high constitutive activity of GHS-R 5 with inverse GHS-
R;A agonists or discovering a way to alter its
heterodimerization pattern with other receptors of the
mesolimbic system may represent promising targets for future
research.

Based on this review, there is intriguing evidence that
suggests that ghrelin signaling is involved in aspects of
addiction, especially in the cases of alcohol, nicotine, and
stimulants. The available literature implicating ghrelin in
opioid or cannabis use disorders is to date limited. Further
research to replicate and expand on the above findings
while strictly adhering to improved methodology will be
required to clarify the inconsistencies of the available stud-
ies and widen our understanding of ghrelin and its relation-
ship to addiction.
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