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Abstract

The melanocortin (MC) system consists of neuropeptides that are cleaved from the polypeptide 

precursor pro-opiomelanocortin (POMC). In the brain, MC neuropeptides signal primarily through 

the MC-3 and MC-4 receptors, which are widely expressed throughout the brain. While the MC 

system has been largely studied for its role in food intake and body weight regulation, converging 

evidence has emerged over approximately the last 20-years showing that alcohol (ethanol), and 

other drugs of abuse influence the central MC system, and that manipulating MC receptor 

signalling modulates ethanol intake. Although there is divergent evidence, the wealth of data 

appears to suggest that activating MC signalling, primarily through the MC-4 receptor, is 

protective against excessive ethanol consumption. In the present review, we first describe the MC 

system and then detail how ethanol exposure and consumption alters central MC and MC-receptor 

expression and levels. This is followed by a review of the data, from pharmacological and genetic 

studies, which show that manipulations of MC receptor activity alter ethanol intake. We then 

briefly highlight studies implicating a role for the MC system in modulating neurobiological 

responses and intake of other drugs of abuse, including amphetamine, cocaine and opioids. Finally, 

we introduce relatively new observations that the drug, bupropion (BUP), a drug that activates 

central MC activity, significantly reduces ethanol intake in rodent models when administered alone 

and in combination with the non-selective opioid receptor antagonist, naltrexone. Phase II clinical 

trials are currently underway to assess the efficacy of BUP as a treatment for alcohol use disorders.
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1. Introduction

Alcohol use, and specifically high-risk drinking, is considered one of the most serious public 

health problems worldwide, being the fifth leading risk factor for the global disease (Lim et 

al., 2012). According to World Health Organization, harmful use of alcohol is associated 

with 3.3 million of deaths every year and 5.1% of disability-adjusted life years (DALYs) 

(World Health Organization, 2018). The estimated annual cost of alcohol misuse, including 

alcohol use disorder (AUD), in the United States is $249 billion (Sacks et al., 2015). Given 

this, in 2018 the World Health Assembly approved a resolution to urge countries to 

strengthen their national responses to public health problems caused by the harmful use of 

alcohol (World Health Organization, 2018).

Further, in 2017, 70% of the USA population reported drinking alcohol in the past 12 

months (Grant et al., 2017) and two in five of alcohol drinkers aged 18 and older reported to 

have heavy episodic drinking (Manthey et al., 2019). Heavy episodic or “binge” drinking is 

commonly defined as consuming enough alcohol to achieve blood concentration in excess of 

80 mg/dl in a short period of time (National Institute on Alcohol Abuse and Alcoholism, 

2004). This typically corresponds to consumption of five standard drinks or more for men 

(four or more for women) in about 2 hours. People who exhibit binge drinking have a higher 

risk of many serious health conditions, including heart disease, hypertension and type 2 

diabetes (Courtney and Polich, 2009). It has also been demonstrated that binge drinking 

increased the risk of developing AUDs, especially when binge drinking begins in 

adolescents (Manthey et al., 2019).

Despite the high prevalence of harmful use of alcohol and the associated risks, 

pharmacotherapy options to help AUD patients achieve abstinence or reduce their alcohol 

consumption are rather limited. In fact, there are only three medications for treating AUDs 

approved by the U.S. Food and Drug Administration (FDA); that is, acamprosate, disulfiram 

and naltrexone. Recently, nalmefene, and opioid antagonist, was approved by the European 

Medicines Agency as a treatment for alcohol dependence (Goh and Morgan, 2017). 

However, the efficacy of these pharmacological treatments remains modest (Franck and 

Jayaram-Lindström, 2013). Additionally, they present some limitations such as occurrence 

of side effects and high dropout rates. With this in mind, the development of more 

efficacious and safer therapies to treat aspects of AUDs are needed. Over approximately the 

last 20 years, pre-clinical studies have suggested that neuropeptides may represent a new 

target for the therapeutic treatment of AUDs. In this review, we focus on one of these 

promising targets, neuropeptides of the melanocortin system.

2. Overview of the melanocortin system

The melanocortin (MC) system is composed of peptides that are cleaved from 

proopiomelanocortin (POMC), a polypeptide precursor synthesized in the anterior and 
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intermediate lobes of the pituitary and in neurons of the arcuate nucleus of hypothalamus 

(Arc) and the nucleus of the solitary tract (NTS) (Cawley et al., 2016). After POMC protein 

cleavage by two prohormone convertases (PC1/3 and PC2), several melanocortin peptides 

are produced, including α-, β-, and γ-melanocyte stimulating hormones (MSH), as well as 

β-endorphin and adrenocorticotrophic hormone (ACTH) (Haskell-Luevano et al., 1999). The 

actions of the MC peptides are mediated by five G protein-coupled receptors (GPCRs) 

subtypes, namely MC1–5R, coupled to Gαs that stimulate the adenylyl cyclase activity and 

cAMP levels (Dores et al., 2016). Recently, in vitro studies demonstrated that MC3-R and 

MC4-R could also couple to ERK1/2-MAPK signal activation indicating that both receptors 

can couple to Gαi in addition to Gαs (Mountjoy, 2015)

Each MC ligand exhibits differential affinity for the MC receptors (MCR) which highlights 

the unique nature of each receptor. While all the MC peptides are approximately equipotent 

at the MC3-R (Roselli-Rehfuss et al., 1993), only ACTH can bind to MC2-R (Fridmanis et 

al., 2017). Another aspect that differentiates the MCRs is the tissue distribution profiles. All 

five MCR subtypes are expressed throughout the peripheral tissues, but only MC3-R and 

MC4-R have been detected in the brain (Mountjoy, 2010). The distribution of MC4-R is 

particularly enriched in cortex, hippocampus, amygdala, brainstem and hypothalamus (Gelez 

et al., 2010). In relation with the MC3-R, the greatest expression is found in the 

hypothalamus and the limbic system (Lindblom et al., 1998; Roselli-Rehfuss et al., 1993). 

Interestingly, unique to the MC system is the presence of endogenous antagonists, agouti-

signalling protein (ASP) and agouti-related protein (AgRP) that exert their actions via 

antagonizing MCR (Chai et al., 2003). In addition, it has been demonstrated that AgRP 

entails inverse agonist activity at MC4-R; that is, directly decreasing cAMP levels within the 

cell (Haskell-Luevano and Monck, 2001; Nijenhuis et al., 2001). AgRP is highly expressed 

in the arcuate nucleus of hypothalamus (Arc) (Ollmann et al., 1997; Shutter et al., 1997) and 

is co-localized with neurons producing neuropeptide Y (NPY) and GABA (Krashes et al., 

2013). By contrast, POMC neurons exhibit heterogeneous phenotypes that are not only 

GABAergic but also glutamatergic and cholinergic cells (Meister et al., 2006; Wittmann et 

al., 2013). A growing body of evidence suggest that these transmitters (α-MSH and AgRP) 

display opposing actions on MC3-Rs and MC4-Rs, affecting neuronal circuits and further 

hypothalamic-dependent physiological functions.

The MC peptides regulate multiple physiological functions from food intake and 

neuroendocrine function to sexual responses (Cone, 2006). The role of MC system in the 

regulation of food intake and energy homeostasis has been the best documented. Previous 

pharmacological studies demonstrated that central administration of a full agonist of MC3-

and/or MC4-R potently inhibit food intake. Thus, the POMC-derived peptide α-MSH 

inhibits food intake and stimulates energy expenditure via activation of MC3-R-and MC4-

R– expressing neurons, whereas AgRP antagonizes the effect of α-MSH on MC receptors, 

causing an increase in food intake and a decrease in energy expenditure (Atasoy et al., 2012; 

Yang and Harmon, 2003). Given the importance of MC4-R in appetite and energy 

regulation, it has been proposed as a drug target for obesity (Fani et al., 2014).
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3. Role of MC on alcohol-related behaviours

Human evidence linking the MC system to human AUD is sparse, though one study 

identified linkage of a rare variants of POMC exons associated with overall substance use 

disorders, and alcohol, cocaine, and marijuana dependence in African American subjects 

(Wang et al., 2012). On the other hand, substantial pre-clinical evidence has emerged over 

approximately the last 20 years that MC neuropeptides also have potent and modulating 

effects on ethanol consumption (Navarro, 2017; Olney et al., 2014a). Several studies suggest 

a role for the MC system in high alcohol preference and consumption in mice and rats. For 

example, higher expression of POMC mRNA are exhibited in the Arc in selectively bred 

Sardinian alcohol-preferring (sP) rats (Zhou et al., 2013) and High Alcohol preferring 

(HAP) rats (Kinoshita et al., 2004) relative to their non-ethanol preferring counterparts. 

Other rats selectively bred to prefer alcohol, such as Alko Alcohol (AA) rats, have 

significantly higher ratio of POMC/AgRP expression in the Arc compared with Alko-non 

Alcohol (ANA) rats (Lindblom et al., 2002a). Interestingly, AA rats also exhibited low level 

of MC3-R in the nucleus accumbens (NAc) and high levels in the paraventricular nucleus 

(PVN), ventral medial (VMH) and Arc regions of the hypothalamus, when compared to 

ANA rats. Regarding MC4-R, AA rats showed higher levels in the VMH compared with the 

ANA rats (Lindblom et al., 2002a). Studies carried out on inbred strains of mice are in 

accordance with these data. Thus, high drinking C57BL/6 mice have a higher basal POMC 

mRNA levels in the hypothalamus than alcohol avoiding DBA/2 mice obtained from Charles 

River (St. Constant, Quebec, Canada) (Jamensky and Gianoulakis, 1999). Taking together, 

these data suggest a potential contribution of the MC system to the innate tendency of these 

animals to show high alcohol drinking and/or preference. Thus, the potential value of MC 

system as a biomarker for identifying at-risk individuals for developing AUDs is high.

Further, evidence of alterations of the MC system by alcohol exposure is extensive. For 

example, it has been demonstrated that chronic exposure to an ethanol liquid-diet can reduce 

levels of POMC and convertase PC1/3 (Navarro et al., 2013), as well as α-MSH levels in the 

Arc, regions of the extended amygdala, and the thalamus in Sprague-Dawley rats (Navarro et 

al., 2008; Rainero et al., 1990). However, an increase in α-MSH (Kokare et al., 2006; 

Müschen et al., 2019) or POMC levels (Rasmussen et al., 2002) have been reported during 

withdrawal after chronic ethanol exposure. In the same way, acute exposure to ethanol also 

leads to changes in the MC system. Interestingly, acute intraperitoneal (i.p.) administration 

of alcohol increase AgRP level in C57BL/6J mice but not in low ethanol drinking 129/SvJ 

mice (Cubero et al., 2010). Conversely, ethanol failed to alter POMC mRNA expression or 

α-MSH immunoreactivity in the Arc (Cubero et al., 2010; Kinoshita et al., 2000). 

Contradictory with these data, acute i.p. injection of ethanol significantly reduces α-MSH 

immunoreactivity in the Arc (Kokare et al., 2008). In spite of the differences observed 

between studies presented above, likely related to factors such as route of administration, 

duration of treatment, species studied, or method used to detect POMC and MC peptides, 

studies that entail voluntary ethanol consumption consistently show that repeated bouts of 

ethanol drinking induces changes in the MC system. For example, voluntary ethanol 

consumption increased hypothalamic POMC levels in C57BL/6J mice (De Waele and 

Gianoulakis, 1994) and POMC mRNA levels in the NAc shell and hypothalamus of sP rats 
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(Zhou et al., 2013). In the same direction, self-administration of alcohol in an operant 

conditioning paradigm increases α-MSH IR in Arc, NAc and bed nucleus of the stria 

terminalis (Shelkar et al., 2015). When binge-like ethanol exposure occurs, a reduction in α-

MSH IR in several hypothalamic regions and increase in AgRP IR in the PVN was observed 

(Lerma-Cabrera, Carvajal et al., 2013a; Sprow et al., 2016). These data suggest that 

ethanol’s effect on the MC system may be part of a mechanism contributing to increase 

ethanol drinking during the early stages of AUDs prior to the transition to dependence. 

Specifically, blunted α-MSH signalling and increased AgRP activity observed after binge 

drinking may compromise the protective effect exerted by the MC system and lead to 

continued binge-like drinking, ultimately leading to ethanol dependence.

The studies above provide compelling evidence that ethanol exposure, consumption, self-

administration, and withdrawal after chronic ethanol exposure produce alterations in the 

central MC system and to the endogenous MC antagonist, AgRP. Pharmacological and 

genetic studies show that in addition to ethanol’s influence on the MC system, MCR 

signalling also modulates ethanol intake and neurobiological responses to ethanol. While 

most studies have focused on how the MC system modulates ethanol intake, it is interesting 

to note recent evidence showing a role for MC receptor signalling in the modulation of pain 

stemming from ethanol withdrawal. Interestingly, withdrawal from ethanol during 

dependence produces hyperalgesia, and intranasal, intraventricular, and CeA administration 

of a MC4-R antagonist blocked withdrawal-induced hyperalgesia (Roitsch Hellard et al., 

2017; Avegno et al., 2018).

A summary of pharmacological and genetic studies implicating a role for the MC system in 

modulating ethanol intake can be found in Table 1. Perhaps the first study to provide 

evidence that MCR signalling modulates ethanol consumption showed that central infusion 

of the non-selective MCR agonist, melanotan-II (MTII), significantly blunted voluntary 

ethanol intake in selectively-bred AA rats (Ploj et al., 2002). Shortly thereafter, it was shown 

that both peripheral and central administration of MTII reduced voluntary ethanol intake in 

C57BL/6J mice, and that the ability of MTII to reduce ethanol intake was blocked be pre-

treatment with the MCR antagonist, AgRP-(83–132), showing that the actions of MTII on 

ethanol intake were MCR-mediated (Navarro et al., 2003). Furthermore, the MC4-R appears 

to be the primary receptor that modulates the effect of MCR agonist on ethanol intake. For 

example, central infusion of MTII reduced ethanol intake similarly in mutant mice lacking 

the MC3-R and wild-type mice, while central infusion of a selective MC4-R agonist 

significantly blunted ethanol drinking (Navarro et al., 2005). Additionally, while peripheral 

administration of MTII significantly reduced ethanol intake in both mutant mice lacking 

MC4-R and wild-type control mice, MTII-induced reduction of ethanol intake was 

significantly blunted when given centrally to MC4-R mice, further evidence that the central 

action of MCR agonist on ethanol intake are mediated by the MC4-R (Navarro et al., 2011). 

However, it does appear that that MC3-R plays a significant role, as central infusion of MTII 

more robustly blunts ethanol intake in mutant mice lacking the MC3-R. This latter 

observation suggests that the MC3-R opposes the actions of MC4-R signalling in the 

modulation of ethanol intake (Olney et al., 2014b). There is also direct evidence for a role of 

AgRP in modulating ethanol intake, as central infusion of AgRP-(83–132) significantly 

increased voluntary ethanol intake in C57BL/6J mice (Navarro et al., 2005), and genetic 
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deletion of AgRP was associated with a significant reduction of both operant self-

administration of ethanol and binge-like ethanol intake in male and female mice. 

Interestingly, female, but not male, mutant mice lacking AgRP showed blunted voluntary 

consumption of ethanol, suggesting sex differences in the role of AgRP in modulating 

voluntary intake (Navarro et al., 2009).

The brain regions in which MCR signalling modulates ethanol intake have also been studies. 

It has been demonstrated that administration of selective a MC4-R agonist into the VTA or 

NAc-shell blunted ethanol drinking in rats (Carvajal, Lerma-Cabrera et al., 2017; Lerma-

Cabrera et al., 2012), indicating that MC system interacts directly with the mesolimbic 

dopaminergic reward pathway. Similarly, with the use of taste-reactivity procedures in rats to 

directly assess the hedonic evaluation of intraorally infused taste stimuli, it was found the 

NAcshell, but not LH, infusion of a selective MC4-R agonist reduced appetitive responding, 

and increased aversive responding, for intraorally infused ethanol (Lerma-Cabrera et al., 

2013b). Regardless, when delivered into the LH, a brain area critical for modulation of the 

reinforcing properties of rewards (Marchant et al., 2012), infusion of MTII significantly 

blunted, and a selective MC4-R antagonist increased, binge-like ethanol consumption in 

C57BL/6J mice (Sprow et al., 2016). Finally, site-directed infusion of MTII into the 

amygdala blunted ethanol intake in selectively bred P rats (York et al., 2011).

While there is a large body of evidence that stimulating MCR signalling blunts ethanol 

intake, it must also be noted that there are inconsistencies in the literature. In a study 

involving Marchigan-Sardinian (msP) rats, a line selectively bred for high ethanol intake, 

central infusion of MTII only transiently reduced ethanol intake and AgRP had no effect. On 

the other hand, MTII robustly reduced feeding while AgRP increased food intake in msP 

rats. The authors concluded that MCR signalling does not modulate the pharmacodynamic 

effect of ethanol in msP rats, but may influence ethanol intake through regulation of caloric 

balance (Polidori et al., 2006). On the other hand, another study showed that MTII regulates 

intake of caloric and non-caloric reinforcing substances, which would indicate that MC 

signalling regulates the reinforcing properties of substances independent of calories 

(Navarro et al., 2011). Additionally, VTA infusion of α-MSH increased operant self-

administration of ethanol in rats, while VTA infusion of a selective MC4-R antagonist blunt 

ethanol self-administration (Shelkar et al., 2015). Thus, while the majority of evidence 

points to increase MCR signalling as protective against ethanol intake, there are 

inconsistencies which may be explained by the rodent model employed (mice versus rats 

and selectively-bred models), the specific consumption paradigm used (voluntary 

consumption, binge-like drinking procedures, or ethanol self-administration) and route and 

site of administration, to name a few obvious differences between studies. Such 

inconsistencies highlight the need for caution when developing potential MC-based 

pharmacotherapies to treat AUDs. Attention to the factors that may contribute to individual 

differences in outcome success, such as population differences and differences in ethanol use 

patterns, will be necessary.

Lerma-Cabrera et al. Page 6

Brain Res. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. The MC system and other drugs of abuse

The peptide POMC has been implicated in the modulation of neurobiological responses to 

several drugs of abuse. In the last decades, several molecular and behavioural studies have 

shown that the MC system is involved in the regulation of neurochemical brain systems 

underlying the pharmacodynamic actions of drugs of abuse, in particular the dopamine 

system. For example, there is an established interaction between MC signalling and the 

dopaminergic system (Hao et al., 2015; Roseberry et al., 2015) and anatomical studies have 

shown that MC receptors are expressed very broadly in dopaminergic enriched brain 

regions, such as VTA and NAc (Alvaro et al., 1996; Mountjoy, 2015). Further, 

pharmacological studies have shown that acute central administration of AgRP increased 

dopamine in the medial prefrontal cortex (mPFC), but not in the NAc (Davis et al., 2011). 

Additionally, chronic central administration of MTII alters dopamine (DA) receptor binding 

in the NAc (Lindblom et al., 2002b) and direct administration of α-MSH into the VTA or 

LH stimulates dopamine release in the NAc (Legrand et al., 2015; Lindblom et al., 2001; 

Sánchez et al., 2001). DA increase in NAc was blocked by pre-treatment with a selective 

antagonist for MC4-R (Lindblom et al., 2001). Additionally, chronic administration of MTII 

alters dopamine 1 (D1) and dopamine 2 (D2) receptor expression in the striatum, VTA, and 

brainstem (Lindblom et al., 2002b) and chronic administration of haloperidol, the non-

selective D1/D2 antagonist resulted in a significant upregulation of MC4-R mRNA in 

striatum (Alvaro, 2003), supporting the bidirectional interaction between the MC and DA 

systems. In addition, it has been demonstrated that application of α-MSH modifies 

excitatory synapses in D1 dopamine receptor-expressing medium spiny neurons in the NAc 

(Lim et al., 2012), suggesting that bidirectional interaction presented by the MC and DA 

systems could be mediated by MC4-R and D1 Receptors.

Given the evidence that the MC system regulates dopamine activity, it is not surprising that 

MCR signalling has also been linked to the behavioural and neurobiological responses to 

psychostimulant drugs such as cocaine and amphetamine. Thus, chronic administration of 

cocaine reduces the expression of POMC mRNA in the striatum and NAc (Valenza et al., 

2016) and increases the expression of MC4-R mRNA in the striatum, hippocampus and NAc 

(Alvaro, 2003; Hsu et al., 2005). Further, acute administration of amphetamine increased 

POMC and MC3-R expression in the hypothalamus (Yu et al., 2018) Consistently, 

manipulating MCR signalling modulates the rewarding properties of amphetamine. Acute, 

central administration of MTII enhances the reinforcing properties of amphetamine, 

reflected by a potentiation of amphetamine’s ability to lower the threshold of electrical 

lateral hypothalamus selfstimulation (LHSS) in rats (Cabeza de Vaca et al., 2002). However, 

chronic administration of MTII fails to influence the effects of repeated amphetamine 

administration on LHSS, interpreted as potential tolerance to amphetamine with chronic 

exposure (Cabeza de Vaca et al., 2005). In this same line, Hsu and collaborators (2005) 

showed that site-directed administration into the NAc of the a non-selective MCR antagonist 

blocked self-administration of cocaine as well as the conditioning of place preference 

induced by cocaine, suggesting that blockade of MCR signalling in the NAc attenuates the 

reinforcing properties of cocaine (Cui and Lutter, 2013). Finally, there is also evidence that 

nicotine administration causes an upregulation of central MC-3R and MC4-R (Tapinc et al., 
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2017) and that MC4-R blockade blunts stress-induced reinstatement of nicotine-seeking in 

rats (Qi et al., 2015).

Both chronic administration and withdrawal of morphine produces a decrease in the 

expression of POMC mRNA in the hypothalamus (Bronstein et al., 1990; Le Merrer et al., 

2009; Pintér-Kübler et al., 2013) and MC4-R mRNA in the NAc, periaqueductal gray (PAG) 

and striated nucleus (Alvaro et al., 1996), regions that modulate the reinforcing properties of 

opioids, opioid tolerance and opioid-induced psychomotor stimulation (Kalivas and Stewart, 

1991). On the other hand, acute administration of morphine increases the expression of the 

mRNA of MC4-R in the amygdala (Starowicz et al., 2003). Behavioural studies also point to 

the role of the MC system in modulating neurobiological responses to opioids. Thus, for 

example, central administration of γ-MSH decreases the acquisition of heroin self-

administration in rats (van Ree, 1983). Similarly, central administration of selective MC4-R 

antagonist, HS014, blocks the development of morphine tolerance (Niu et al., 2012). On the 

other hand, administration of a non-selective MCR antagonist into the CeA (Starowicz et al., 

2003) or a selective MC4-R antagonist into the spinal cord (Starowicz et al., 2005) causes 

the restoration of the morphine tolerance response. Similarly, central administration of a 

selective MC4-R antagonist increases the antinocioceptive effects of morphine (Ercil et al., 

2005). Thus, in addition to modulating neurobiological responses to ethanol, there is a 

wealth of evidence that the MC system also modulates neurobiological responses to 

stimulant drugs and opioids.

5. Bupropion, an activator of the MC system and potential therapeutic 

target for treating AUDs

The pre-clinical data above provide consistent evidence that ethanol and other drugs of 

abuse promote alteration in the central MC and AgRP systems, and conversely, manipulating 

MCR modulates drug and alcohol intake, with the wealth of evidence suggesting that 

activation of MCR is protective. This is suggestive evidence that targeting MCR may be an 

effective therapeutic target for treating drug and AUDs. Unfortunately, there are currently no 

clinically available pharmaceutical drugs that are designed to target MCRs, with the 

exception of a non-selective MC receptor agonist, bremelanotide (Vyleesi ®), a recently 

FDA-approved medication used to treat hypoactive sexual desire disorder in premenopausal 

women (Kingsberg et al., 2019). Interestingly, bupropion (BUP), a norepinephrine and DA 

re-uptake inhibitor (Foley et al., 2006; Nomikos et al., 1992), may be an effective strategy 

for treating AUDs as an activator of central MC signalling. Previous work to identify 

treatments for obesity found that simultaneous administration of BUP and the non-selective 

opioid receptor antagonist, naltrexone (NAL), synergistically reduced body weight which 

exceed the effects on monotherapy with either drug (Greenway et al., 2009a; Greenway et 

al., 2010), evidence which ultimately helped generate the FDA approved weigh loss drug 

Contrave®. Further, in vitro evidence showed that BUP stimulates murine POMC neurons, 

and to a greater degree when BUP and NAL are simultaneously applied (Greenway et al., 

2009b). In turn, stimulation of POMC neurons would promote increased activity of the MC 

system. Greenway and colleagues hypothesized that the increased effectiveness of BUP 

when combined with NAL was the result of blockade of auto-inhibitory opioid receptor on 
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POMC neurons in the hypothalamus allowing BUP to stimulate POMC, and by extension, 

MC activity, without inhibitory opposition (Greenway et al., 2009b). Interestingly, we have 

previously shown that combined MTII and NAL synergistically blunted binge-like ethanol 

intake in mice to a greater degree than either drug alone (Navarro et al., 2015), a striking 

parallel to the work by Greenway and colleagues that assessed the effects of combined BUP 

+ NAL (Greenway et al., 2009a). We hypothesized that combined MTII + NAL therapy 

reduced ethanol intake via a similar mechanism by which BUP + NAL reduced food intake 

and obesity. This led us to the question, will BUP, alone and in combination with NAL, blunt 

ethanol intake in pre-clinical mouse models? We recently showed that peripheral 

administration of BUP significantly blunted binge-like ethanol intake and ethanol drinking 

following chronic intermittent access to ethanol in male C57BL/6J mice, and that peripheral 

administration of subthreshold doses of BUP and NAL that did not significantly blunt binge-

like ethanol intake alone did so when combined in a cocktail. On the other hand, BUP alone 

or in combination with NAL failed to alter sucrose intake, and natural reward that entails 

calories (Navarro et al., 2019). BUP + NAL has also recently been found to reduce ethanol 

intake in male, but not female, mice (Zhou et al., 2019) and in rats selectively bred for high 

alcohol intake (Nicholson et al., 2018).

We recently replicated the combined BUP + NAL study based on Navarro et al., 2019 in 

male C57BL/6J mice. Data from this study are presented in Figure 1. Using the “drinking in 

the dark” procedure to model binge-like ethanol drinking (Rhodes et al., 2005; Thiele and 

Navarro, 2014), mice were given i.p. injection of a 3 mg/kg dose of NAL followed by an i.p. 

injection of a 20 mg/kg dose of BUP approximately 30 minutes before access to a 20% (v/v) 

ethanol solution. Other groups received two injections of vehicle, or an injection of vehicle 

and an injection of BUP or NAL. Consistent with Navarro et al., 2019, we again found that 

while BUP and NAL in subthreshold doses failed to significantly blunt binge-like ethanol 

intake, combined BUP + NAL was effective for up to an hour after treatment. As noted by 

Navarro et al., 2019, the short half-life of non-extended release BUP likely accounts for the 

transient effects of BUP, which were not evident by the second hour of testing. In light of 

our pre-clinical data and the clinical availability of therapeutic BUP and NAL, we recently 

performed an open-label pilot phase II clinical trial study and found suggestive evidence that 

combined BUP + NAL may be an effective approach to treated problematic binge drinking 

in humans (Walters et al., in press). We are currently conducting a more thorough phase II 

clinical trial experiment to determine the efficacy of BUP to curb binge drinking.

6. Conclusions

In the present review, we have summarized previous pre-clinical studies that have shown the 

ethanol and drugs of abuse interact with the MC and AgRP systems, and that manipulating 

MCR significantly modulates ethanol intake, with the majority of evidence suggesting that 

activation of MC4-R is protective against excessive intake. MCR signalling may modulate 

drug and ethanol intake via modulation of central DA activity. While there are currently no 

clinically available drugs for targeting the MC system (with the exception of the recently 

FDA-approved drug, bremelanotide), evidence suggests that BUP stimulates central MC 

activity, making it an attractive target for treating AUDs. It should be noted that since BUP 

also functions as a DA and NE re-uptake inhibitor, this drug may influence ethanol intake 
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via a variety of central actions. BUP has been approved by the FDA since 1985 primarily as 

an antidepressant medication (Ascher et al., 1995), but it is also used off-label to treating 

nicotine addiction (Foley et al., 2006) and for weight-loss therapy (Anderson et al., 2002). 

Our pre-clinical data support a potential role for BUP, alone and in combination with NAL 

(a drug that is already FDA-approved for treating AUDs), as a therapeutic target for treating 

excessive alcohol consumption. Finally, while we have initiated phase II clinical trial studies 

to assess the efficacy of BUP for treating AUDs, future large-scale phase III trials will be 

necessary. In summary, the present review provides converging evidence the targeting the 

MC system should continue to be considered a therapeutic target for treating drug and 

AUDs.
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Highlights

• Alcohol and other drugs of abuse influence the central melanocortin system

• Activation of melanocortin receptor signalling significantly reduces alcohol 

intake

• Bupropion, which stimulates central melanocortin activity, reduces alcohol 

intake

• Clinical trials are assessing the efficacy of bupropion for treating AUD
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Figure 1: 
Binge-like ethanol consumption of a 20% (v/v) ethanol solution in male C57BL/6J mice 

beginning approximately 30 minutes after intraperitoneal (i.p.) injection of two injections of 

vehicle (VEH-VEH, n = 12), an i.p. injection of vehicle followed by an injection of a 20 

mg/kg dose of BUP (VEH-BUP, n = 13), an i.p. injection of vehicle followed by an injection 

of a 3 mg/kg NAL (VEH-NAL, n = 12), or an i.p. injection of a 3 mg/kg dose of NAL 

followed by an injection of a 20 mg/kg dose of BUP (NAL-BUP, n = 12). There was a 

significant effect of drug treatment during the first hour of testing [F(3, 45) = 4.43, p = 

0.008), and Bonferroni corrected t-tests indicated that relative to the VEH-VEH group, the 

NAL-BUP group drank significantly less ethanol (panel A). However, as seen in panel B, 

there were no group differences in ethanol intake during the second hour of testing [F(3, 45) 

= 0.67, p > 0.05]. Assessment of blood ethanol concentrations (VEH-VEH = 93.9 + 18.61 

mg/dl; VEH-BUP = 88.93 + 15.49 mg/dl; VEHNAL = 44.51 + 9.07 mg/dl; NAL-BUP = 

46.55 + 7.33 mg/dl) was statistically significant [F(3, 45) = 3.86, p = 0.015] though 

Bonferroni corrected t-tests failed to find individual group differences. All data are presented 

as mean + SEM. *p < 0.05 relative to VEH-VEH group.
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Table 1.

Summary of effect of MCR agonists and antagonists, and gene knockouts, on alcohol-related behaviours

Treatment Mode of 
administration

Species Effect on ethanol intake Reference

MTII i.c.v. C57 mice Decreased ethanol intake Navarro et al., (2005, 2003)

AA rats Decreased ethanol intake Ploj et al., (2002)

msP rats Decreased ethanol intake Polidori et al., (2006)

MC4R −/− No effect Navarro et al., (2011)

MC3−/− Decreased ethanol intake Navarro et al., (2005)

MC3 −/− Enhanced reduction of binge-like 
ethanol drinking

Olney et al., (2014b)

Intra-LH C57 mice Blunted binge-like ethanol 
consumption

Sprow et al., (2016)

Intra-amygdala P rats Decreased voluntary consumption York et al., (2011)

α-MSH Intra-VTA Sprague-Dawley rats Increased self-administration of 
ethanol

Shelkar et al., (2015)

MC4R 
selective

i.c.v C57 mice Decreased ethanol intake Navarro et al., (2005)

agonist Intra-VTA and - NAc Sprague-Dawley rats Decreased ethanol intake Carvajal et al., (2017); Lerma-
Cabrera et al., (2012)

Intra-NAc Sprague-Dawley rats Decreased ethanol palatability Lerma-Cabrera et al., (2013b)

MC4R 
antagonist

Intra-VTA Sprague-Dawley rats Blunt ethanol self-administration (Shelkar et al., 2015)

AgRP i.c.v. C57 mice Increased ethanol intake Navarro et al., (2005)

Blocked MTII-induced reduced 
ethanol intake

Navarro et al., (2003)

AA rats No effect Ploj et al., (2002)

msP rats No effect Polidori et al., (2006)

Intra-LH C57 mice Increased binge-like ethanol 
consumption

Sprow et al., (2016)

None AgRP −/− Decrease ethanol intake Decrease 
ethanol self-administration

Navarro et al., (2009)
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