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Abstract: In this review, we aim to draw a connection between drug addiction and overconsumption
of highly palatable food (OHPF) by discussing common behaviors and neurochemical pathways
shared by these two states. OHPF can stimulate reward pathways in the brain that parallel those
triggered by drug use, increasing the risk of dependency. Behavioral similarities between food and
drug addiction can be addressed by tracking their stages: loss of control when eating (bingeing),
withdrawal, craving, sensitization, and cross-sensitization. The brain adapts to addiction by way of
the mesolimbic dopamine system, endogenous opioids and receptors, acetylcholine and dopamine
balance, and adaptations of serotonin in neuroanatomy. Studies from the current literature are
reviewed to determine how various neurological chemicals contribute to the reinforcement of drug
addiction and OHPF. Finally, protocols for treating food addiction are discussed, including both
clinical and pharmacological modalities. There is consistent evidence that OHPF changes brain
chemistry and leads to addiction in similar ways to drugs. However, more long-term research is
needed on food addiction, binge eating, and their neurobiological effects.

Keywords: addictive; behavior; binge eating; clinical treatment; food addiction; motivation; palatable
food; pharmacotherapy; neural reward pathways

1. Introduction

There is a point at which, in some cases, pleasurable behavior can turn into an addic-
tion. Addictive drugs are a classic example of this phenomenon. One normally initiates
drug use (e.g., alcohol, nicotine, or heroin) because of the euphoric and desirable feeling
that is derived from it. There are a variety of underlying factors that belie pleasure-seeking
drug use, like utilizing self-soothing behaviors to avoid a source of angst in a person’s
life. The beginning stages of drug use are, therefore, associated with procuring pleasure.
However, as an addiction to the drug develops, one’s initial pleasure-seeking motive is
thought to transition to sensitized motivational urges in response to cues (i.e., “wanting”)
and/or to alleviate feelings of withdrawal or dysphoria that are found in response to
repeated use of the drug [1].

A discussion of the hedonic aspects of eating raises the question of whether the same
biological mechanisms are at play when a person is overeating food, specifically, foods
that have been refined or processed from their naturally occurring form. It is necessary
to eat food for survival, and there are in-born biochemical processes that have evolved to
reinforce feeding behavior to avoid starvation. Likewise, other “natural” behaviors, like
sexual activity, serve as powerful reinforcers because they promote the continuation of our
species. Some of our ancestors were only able to survive and reproduce if they spent most
of their time hunting for food and then engaging in opportunistic bingeing due to a lack
of storage methods and uncertainty about the source of their next meal. Individuals who
experienced more pleasure in response to caloric foods were better at identifying caloric
food cues. Thus, these individuals were more motivated to seek out calorically dense foods
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and in turn likely better adapted to survival in an environment where famine was a threat
to survival. Thus, much of human history has selected for individual differences associated
with finding caloric foods more salient and reinforcing.

However, food is plentiful today in industrialized countries, and the “natural” re-
inforcers have changed in modern society: there are now highly processed foods with
unnaturally high levels of sugar, salt, and fat. The more potent forms of these natural
reinforcers may begin to have an addictive potential, and the skills that we once needed for
survival may now lead to unhealthy eating patterns that affect both the brain and feeding
behaviors. As a result, there may be an inborn drive to overconsume when ultra-processed
food is available, and in our current environment, this may mean people will overconsume
regularly [2].

The drive to ingest food is prompted, in part, by the release of chemicals in the brain
that are linked with a feeling of intense pleasure and reinforcement. As described in the
next section, highly processed foods (those that are high in both refined carbohydrates
and fat) are especially strong reinforcers, triggering overactivity in the biological systems
intended to promote food consumption for the purpose of survival. Neurochemical changes
in areas of the brain associated with pleasure and reward make the topic of hedonic eating
relevant to the field of psychiatry, as it is a condition that may respond well to psychiatric
interventions used to treat other forms of addiction or disordered eating.

Animal studies have shown that the over-consumption of highly processed food
induces certain behavioral and reinforcing neurological effects that are like those of ad-
dictive drugs, suggesting that they are regulated, at least in part, by a common biological
mechanism [3]. Similarly to the development of a drug addiction, a food addiction may
manifest more readily in a subset of genetically susceptible individuals. This may set the
biological basis for the development of addictive overeating. This chapter discusses the
current scientific literature, which examines behavioral and neurochemical commonalities
between the over-consumption of highly processed foods and drug addiction, as well as
their treatment and implications for further research.

2. Definitions
2.1. Highly Processed and Ultra-Processed Food

If eating were solely controlled by homeostatic mechanisms, the majority of us would
be at our ideal body weights, and eating would be considered a dull but necessary part
of existence, like breathing. However, eating is often a source of pleasure and can be
associated with culture and community. Interestingly, both humans and other animals
are prone to eating beyond homeostatic needs if presented with highly processed food.
Highly processed food is defined as food that contains refined carbohydrates (like sugar
and white flour) and/or added fats [4]. Commonly consumed highly processed foods
include chocolate, ice cream, pizza, and potato chips. While individuals can buy processed
ingredients (like table sugar or butter) to create highly processed food (e.g., homemade
cookies or fresh-baked bread), the most common source of highly processed foods are
industrially created, ultra-processed versions that also contain additives such as flavor
enhancers and emulsifiers. These ultra-processed foods are often created with inexpensive,
but highly reinforcing industrial ingredients (e.g., high fructose corn syrup), which allow
them to be affordable. Additives and packaging also increase the shelf-stability of these
products, making them ready-to-eat or ready-to-heat, thus making them accessible and
convenient. Finally, ultra-processed foods are often accompanied by large marketing
campaigns that increase positive expectations about the products and increase exposure to
related cues in the environment.

Why is highly processed food so rewarding? Genetic studies suggest that the neurocir-
cuitry that drives the acquisition and physical storage of food evolved in congruence with
food scarcity, which promoted survival in times of famine [5]. In this evolutionary milieu,
highly processed foods, while calorically dense, have typically been scarce and, through
time, became more neurologically rewarding. For example, minimally processed naturally
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occurring foods typically only include high levels of carbohydrates (like fruit) or fat (like
nuts). The frequent combination of both carbohydrates and fats in high levels found in
many highly processed foods is evolutionarily novel and may have a supra-additive effect
on the brain reward system [6]. There is also evidence that the unique combinations of
carbohydrates, fats, and sodium in highly processed foods cause them to become hyper-
palatable and consumed to excess. Further, the more rapidly reinforcing substances are
absorbed into the system, the more likely they are to be addictive [7]. Ultra-processed foods
are often altered in a manner that reduces the integrity of the food matrix (e.g., removal
of fiber and water), which increases the bioavailability of calories and the speed at which
these foods can be consumed [8]. Thus, the more rapid delivery of carbohydrates and fats
into the mouth, gut, and brain would also increase the addictiveness of these products. To-
gether, these factors may activate reward-mediated neurocircuits, which evolved originally
to reinforce feeding behavior that would have been advantageous to our species during
times of famine. Now, with unrestricted access to these foods, this activation presents as a
maladaptive desire to engage in perpetual over-consumption [9].

2.2. Substance Use Disorder

A substance use disorder is characterized as two (or more) of the following symptoms
being present within a period of 12 months plus clinically significant impairment/distress:

(1) tolerance (increased amount with a corresponding decrease in effect);
(2) withdrawal (negative physical or psychological symptoms arising after deprivation of

a particular substance);
(3) loss of control (instances of a greater amount taken over time and for a period of time

that is longer than intended);
(4) a persistent desire and/or repeated unsuccessful attempts to quit using the substance;
(5) excessive time spent on obtaining, using, or recovering from its effects;
(6) reduced social, recreational, or occupational, activities due to substance use
(7) continued use despite knowledge of its adverse consequences;
(8) intense cravings;
(9) continued use despite interpersonal problems due to use of the substance;
(10) use is continued despite problems fulfilling role obligations because of substance use; and
(11) substance is used in situations that make it physically hazardous [10].

While precise neurochemical mechanisms of substance use disorders are appreciably
studied, research on addictive eating and its neurological correlates is still developing.
Animal studies have demonstrated that excessive intake of highly processed foods (or
ingredients in those foods like sugar and fat) produces behavioral and neuronal alterations
that are in many ways similar to those of drug addiction [3].

2.3. Food Addiction

In the medical field, the term addiction is conventionally applied to addictive drugs
and highly rewarding behaviors (like gambling). However, there is growing evidence
that individuals can exhibit all the diagnostic indicators for substance use disorders in
cases where the substance of abuse is highly processed foods. Food addiction is the term
that has typically been applied to this addictive profile of highly processed food intake.
We recognize that there is still controversy surrounding the use of food addiction as a
diagnostic term. Some researchers are skeptical of where food addiction will fit in when
characterizing other overfeeding behaviors like binge eating disorder (BED) and bulimia
nervosa (BN). We acknowledge this perspective and appreciate the discourse that the topic
has stimulated. However, there has been sufficient evidence—which will be examined
later in this article—that supports the potentially addictive qualities of certain foods [11].
A commonly used measure to assess food addiction is the Yale Food Addiction Scale
(YFAS), which was designed to apply the diagnostic criteria for substance use disorders
to the intake of highly processed foods [12]. There are validated YFAS assessments of
food addiction for both adults and children. The YFAS provides two scoring options: in
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the first method, one can count how many symptoms of addiction are present, and in the
second a “diagnosis” of food addiction based on the SUD criteria of two or more symptoms
plus clinically significant distress or impairment. Like other substance addictions, food
addiction is posited to be the result of three intertwining factors—(1) the addictive nature
of the substance (in this case highly processed food), (2) the risk factors of the individual
(e.g., familial history of addiction, depression, or impulsivity), and (3) an environment
that makes the addictive substance accessible, affordable, and appealing [13]. Recent meta-
analyses have found that 14% of adults and 12% of children meet the threshold for food
addiction [14,15]. For adults, this is on par with the levels of addiction to other substances
that are legal, easily accessible, and addictive (like alcohol and tobacco), but the estimated
prevalence for children is much higher than with other addictive substances (given that
children are typically protected from other addictive substances).

While food addiction is higher in individuals with overweight and obesity, only a sub-
set of individuals in these weight classes meet the criteria for food addiction (19–28%) [16].
Additionally, individuals who present as normal weight or even underweight can meet
the food addiction criteria. Thus, an individual’s body weight should not be used as an
indicator of food addiction. Instead, the behavioral criteria used to diagnose all substance
use disorders should be employed (as with the YFAS). There is some overlap between
food addiction and eating disorders, particularly binge-type eating disorders marked by a
compulsive lack of control over intake. Evidence suggests that individuals with an eating
disorder who meet the food addiction threshold exhibit a more severe psychopathological
profile across a number of domains (e.g., depression, binge frequency, and neuroticism) [16].
However, food addiction should not just be considered a severe sub-type of disordered
eating, as the majority of individuals who meet for food addiction do not appear to meet
the diagnostic criteria for an existent eating disorder. Thus, food addiction is related to, but
distinct from, obesity and eating disorders [16].

3. Animal Studies Relevant to Food Addiction

There are numerous motivations for binge-eating. They often involve emotional and
cultural factors that are not easy to model using laboratory animals. Yet, animal models of
binge-eating have proven key to bettering our understanding of the neurochemical and
physiological basis of this behavior in humans. Multiple animal models of binge-eating
have been developed and hold significant value, as each model has a unique relationship
to human behavior; for example, some explore stress-induced eating and binge-eating of
high-fat foods [17–19]. While chronic binge behavior is not solely dependent upon the
kind of food consumed, we know that the mental state of the individual (e.g., if they are
tired, anxious, depressed, or irritable) and the extent of caloric restriction also contribute
to how the individual will interact with highly processed food [18]. We will focus in this
paper on sugar-based bingeing since, under typical conditions, both rodents and humans
have a positive and pleasurable reaction in response to the taste of sugar. Added sugars
are ubiquitous in our present society in the form of highly processed food, which includes
most pre-packaged food items, condiments, sugar-sweetened beverages, and more. The
increase in consumption of added sugar is linked to the abrupt and continued rise in the
rates of obesity [20].

Certain pathological patterns of food intake, like consistent binge-eating, overeating,
emotional eating, and eating due to stress, reinforce overeating and induce patterns of
behavior in striking resemblance to those seen in substance-use disorders. Consequently,
there are three indicators of addiction that are demonstrated using animal models: loss
of control (often indicated by bingeing), withdrawal, and craving [21]. In addition, it is
thought that behavioral sensitization underlies some aspects of food addiction. Behavioral
sensitization refers to a repeated process of administering an intermittent stimulant that
produces a progressively greater behavioral response with each exposure [21,22].
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In the next sections of this paper, empirical data will be presented that suggests
addictive-like behavioral and brain changes using animal models of binge-eating. These
data have been summarized in previous papers and reports [3].

3.1. Bingeing

Bingeing, which is defined as an escalation of sugar intake (in this context) during a
narrow time frame, is usually preceded by a period of forced or voluntary restriction [3].
While some addictive patterns of intake do not include binges (e.g., steady and consis-
tent intake of cigarettes throughout the day), binges are common across many addictive
substances (e.g., alcohol and cocaine) and they are closely linked to the key addiction
indicator of loss of control over consumption. The particular sugar-binge model in rodents
outlined in the Avena et al. paper [3] helps elucidate the behavioral characteristics of binge
behavior. In this model, rats are kept on a schedule of 12 h food deprivation, followed
by 12 h access to a 10% sucrose (comparable to the sugar concentration typically found in
beverages like soft drinks) and rodent chow daily [3]. In response to several days following
this schedule, the rats begin to increase their intake and binge on sugar during the first
hour of access [23]. Additionally, their feeding patterns begin to change, and these rats
begin to eat larger sugar meals throughout the period of access when compared to control
rats with unrestricted access to both the sugar to drink and chow (as well as water, which is
always freely available to all rats in these studies). These control animals ingest an amount
comparable to animals in the binge-eating condition, but their intake is spread over the
entire 24 h of the day, and they do not show evidence of binge eating.

It is evident that current research supports the hypothesis that animals tend to selec-
tively binge on highly palatable foods (such as sugar), suggesting this behavior could be
driven by hedonic as opposed to metabolic mechanisms. The incidence in which animals
tend to exhibit bingeing behavior is when there is some type of time restriction in place,
as the 12 h food-deprivation paradigm suggests. In the de Sa Nogueira et al. paper, re-
searchers evaluated neuroadaptations associated with sucrose-induced bingeing behavior
in adult male rodents. This yielded the conclusion that the endocannabinoid system may
provide a link between responses to the ingestion of palatable food and addictive behaviors,
especially since cannabinoid mechanisms are known to be linked to drug addiction [24].
In this study, groups were provided with intermittent (12 h) or continuous (24 h) access
to a solution that was 10% sucrose, and food, for 28 days. Only the 12 h access group
displayed excessive sucrose intake within a discrete time period (i.e., binge eating) [24].
Furthermore, this group also exhibited changes in endocannabinoid system transcripts and
endocannabinoid levels in reward-related regions of the brain. This means the more binge-
ing behavior the rodents exhibited, the more reward systems were engaged in accordance
with the behavior. Though research is limited when it comes to understanding the role
that the endocannabinoid system specifically has in binge-eating behaviors, increasing our
understanding regarding the neurochemical alterations associated with binge eating puts
us one step closer to determining what underlying mechanisms are at play in the brain. In
addition to the Avena et al. study, other experiments show that sugar is a more influential
reinforcer of binge behavior than fat or salt, and intake of sugar increases over time during
repeated bouts of exposure [25]. Together, these studies demonstrate that sugar plays a key
role in binge behavior.

3.2. Withdrawal

Withdrawal becomes apparent in animals when the substance is removed or is chem-
ically blocked. The withdrawal syndrome includes aversive physical, cognitive, and
affective symptoms that emerge following the removal of that addictive substance [26]. In
opiate-dependent animals, withdrawal has well-defined and clear behavioral signs, such as
anxiety (using an open-arm maze), a reduction in body temperature, aggressive behavior,
dysphoria, and behavioral depression [25,27].
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Behavioral characteristics of withdrawal from food have largely been studied in
rats that have previously been bingeing on sugar. In one study, rats were administered
naloxone, an opioid-receptor antagonist, and began to experience the somatic indicators
of withdrawal, such as headshakes, teeth chattering, and forepaw tremors [28]. Food
deprivation can also precipitate opiate-like signs of withdrawal, as observed in rats when
food was removed for 24 h [3,28]. Therefore, these data strongly suggest that bingeing on a
sugar solution triggers the release of opioids in the brain, leading to neural adaptations
that manifest as dependency. Other researchers have obtained findings that support this
conclusion using other models of sugar bingeing. For example, anxiety signs have been
found in rats with restricted access to a diet that is high in sucrose [29]. Just the removal
of sugar from the rodent’s cage can lead to a drop in body temperature [30]. Additionally,
signs of aggression have been observed in cases of withdrawal from a diet that includes
restricted, intermittent access to sugar [31].

3.3. Craving

Craving often occurs when motivation is enhanced, typically following a period of
abstinence, to procure an abused substance [1]. Following a period of use and subsequent
forced abstinence, animals will take more of a self-administered addictive drug that be-
comes available again than what they took prior to abstinence [32]. Animals may also often
be persistent in operant responding despite the removal of reward (known as “resistance
to response extinction”), and over time they may increase their responses for cues that
were previously associated with the substance of abuse [33–35]. This increased motivation
to obtain an addictive substance mimics behavior observed in humans, and it may help
predict whether there is a likelihood of a relapse.

When applying the behavioral signs of craving in laboratory animals to food, sugar-
bingeing rats show indications of enhanced motivation to get sucrose: in a test following
two weeks of sugar abstinence, the rats lever-pressed for 23% more sugar than their initial
quantity of sugar before abstinence [21]. However, a control group with prior half-hour
access to sugar each day followed by two weeks of sugar abstinence did not show this
behavior. This implies that sugar has a strong motivational impact that persists through
prolonged periods of abstinence, but only in the context of prior intermittent access to
sugar (i.e., 12 h access, described above) [9].

Additionally, as with addictive drugs, motivated behavior to procure sugar appears
positively correlated with the length of abstinence. The seeking of sucrose seems to increase
in rats that were previously maintained on an intermittent sugar access schedule after
10 days of abstinence. This behavior is even more pronounced following a period of 30 days
of abstinence from sugar. This suggests a gradual development of long-term changes in
the neural circuitry associated with motivation, caused by sugar self-administration and
subsequent abstinence [36].

3.4. Sensitization and Cross-Sensitization to Psychostimulant Drugs and Alcohol

Sensitization is defined as increased responsiveness to a repeated stimulus. It is the
opposite of tolerance, which is a decrease in responsiveness, in which case a stronger
stimulus is required to have the same effect. Both contribute to, and are exacerbated by,
binge behavior [3]. Various processes within brain systems can simultaneously lead to both
sensitization (increased dopamine release) and tolerance (decreased dopamine reception).
However, tolerance mechanisms are resolved within days after ceasing drug use, yet neural
sensitization may last for years. This theory helps explain why a recovered addict may
relapse back into addiction, even after years of sobriety, particularly with the expectation
that no pleasure will be gained from a momentary relapse [37]. Similarly, cross-sensitization,
where sensitization to one drug increases an animal’s susceptibility to the effects of another
drug, has been demonstrated across many studies [38,39]. This “gateway effect” leads to a
subsequent increase in another drug or substance [40–45].
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Intriguingly, rats previously exposed to sugar-bingeing conditions have been shown
to become behaviorally sensitized to the stimulant amphetamine. These animals are
significantly more reactive to a low challenge-dose of amphetamine compared to naïve
animals [46]. This behavior was noted after eight days of sugar abstinence. The am-
phetamine had little effect on any control groups (non-bingeing sugar groups, chow, etc.).
On the other hand, rats that were sensitized to amphetamine show behavioral cross-
sensitization to a small sugar-based meal [46]. Similar findings have been reported by
other laboratories with intermittent access to sucrose cross-sensitizing rats to cocaine [47]
and quinpirole, a dopamine agonist [48]. Collectively, these data bolster the idea that the
dopaminergic system becomes sensitized by intermittent access to sugar, as evidenced by
cross-sensitization to various dopaminergic drugs. This is significant because increased
mesolimbic dopaminergic activity contributes to the behavioral effects of both sensitization
and cross-sensitization [49].

When rats binge on sugar and then abstain, they have an increased intake of alcohol
(9%) [50], suggesting that a limited, intermittent intake of sugar serves as a gateway to the
use of alcohol. Other studies have shown animals that prefer the taste of saccharin learn to
self-administer cocaine more readily than usual [51].

The behavioral parallels between drug use and hedonic overeating of highly processed
food spur the question of whether highly processed food causes molecular adaptations
that further promote consumption. The studies discussed in this paper suggest that this is
indeed the case. Highly processed diets frequently cause adaptations in an individual’s
neurobiology, permuting the drive to overeat highly processed food away from voluntary
control and into compulsivity.

4. Neurochemical Commonalities between Drug Self-Administration and Hedonic Eating

The evidence discussed above suggests that sugar bingeing can produce behaviors that
are similar to those seen in drug-dependent rats. Similarly, laboratory animal studies have
been instrumental in advancing our understanding of the neurochemical effects of highly
processed food and how these effects parallel those of addictive drugs. Evidence supports
the hypothesis that neural systems evolved to motivate and reinforce foraging and food
intake, as well as regulate drug-seeking behavior and abuse; therefore, the neurocircuitry
underlying hedonic eating and drug addiction has many similarities [3]. This section
discusses several neurotransmitter systems that may result in, or perpetuate, hedonic
compulsive eating and are also similarly affected by drug abuse: the mesolimbic dopamine
system, opioid receptors, orexin, acetylcholine, and serotonin.

Addictive drugs typically increase the signaling of dopamine from nerve endings
that originate in the ventral tegmental area (VTA) to neuronal projections in the nucleus
accumbens (NAc). The subsequent dopamine spike is believed to occur through direct
activation of dopaminergic neurons (e.g., nicotine and stimulants), or via an indirect way
through inhibition of gamma-aminobutyric acid (GABA)-ergic interneurons in the VTA
(e.g., alcohol and opiates). A third mediator for drug-induced activation of dopamine
neurons in the VTA is the neurotransmitter orexin. When this transmitter is released
by lateral hypothalamic neurons, it broadly innervates various structures in the brain,
including the VTA [12]. Similar neuroadaptations occur in regions of the limbic system
after exposure to both food and drugs. These adaptations change the motivation to obtain
these substances, as will be explored in detail in the following sections.

4.1. Mesolimbic Dopamine System

Dopamine, a neurotransmitter involved in reward and motivation, is released from
neurons in the VTA and the NAc when pleasurable external stimuli are encountered. The
mesolimbic dopamine system reinforces natural behaviors such as eating, sexual behavior,
and socializing, but it is also stimulated by recreationally abused drugs [52]. The activation
of this system by both food and drug intake suggests that a common neural mechanism
may underlie the reinforcing value of both substances.
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Addictive drugs can alter dopamine receptors (primarily D1, D2, and D3 receptors) and
dopamine release in the mesolimbic brain. Drugs like cocaine upregulate D1 receptors [53]
and increase D1 receptor binding [54,55], as well as increase D3 receptor messenger RNA
(mRNA) [56], but also lower the D2 receptor density [57] and decrease D2 receptor mRNA
in the NAc of laboratory animals [58–60]. Clinical studies also reveal that D2 receptors
are downregulated in individuals who are addicted to cocaine [61–63]. Similarly, sugar-
bingeing laboratory animals exhibit an increase in D1 receptor binding in the NAc [23], a
decrease in D2 receptor binding in the striatum and NAc [23,64], a decrease in D2 receptor
mRNA in the NAc [65], and an increase in D3 receptor mRNA in the NAc and caudate-
putamen [65].

With regard to extracellular dopamine levels, the repeated increase in extracellular
dopamine upon recurring exposures is a hallmark of addictive drugs [66]. Highly pro-
cessed food consumed in a binge-type manner continuously releases dopamine in the NAc,
resembling a pattern comparable to that seen in addictive drugs, which do not show a
blunted release in the NAc upon repeated exposure [9,24,67]. In contrast, the dopamine
response to bland or “normal” food fades out after repeated exposure [68].

“Priming”, in this context, occurs when a stimulus/stressor reduces extracellular dopamine
levels in the NAc, subsequently exacerbating the potency of a substance (e.g., drugs or food). This
phenomenon is well documented in addictive drugs, in which abstinent drug users are primed
to desire or relapse with small quantities of a respective drug [69]. With highly processed food
intake, energy deprivation primes rats to binge-eat because the accompanying dopamine surge
within the NAc when food is reintroduced is sustained, reinforcing the reward of the highly
processed foods [24,70]. Stress is another primer for binge-eating and can trigger binge-eating
highly processed and less processed foods, though less potently than a history of dieting [9].

Moreover, in the model in which laboratory animals have free access to rodent chow
and water ad libitum but are given sporadic, time-limited access to highly processed food
to simulate binge conditions, rats consume significantly more highly processed food than
the control group. This behavior stems from the repeated release of dopamine, which
exacerbates the dopaminergic mechanisms involved in sustaining bingeing behaviors [71].
Together, these studies suggest that binge episodes disrupt dopamine signaling, promoting
the bingeing and addictive behaviors.

4.2. Endogenous Opioids and Receptors

The opioid system works in concert with the dopaminergic system in both feeding and
reward, and as such, is affected by hedonic overeating in a manner similar to what is seen
with addictive drugs. Animal studies show that chronic access to cocaine and morphine
can lead to upregulation of mu-opioid-receptor binding in the caudate-putamen, NAc, and
cingulate cortex [55,72,73]. Moreover, repeated injections of morphine decrease enkephalin
(an endogenous opioid) mRNA in the striatum and NAc [58,60,74]. Using brain-imaging in
individuals who are dependent on cocaine, researchers have observed similar changes [75].

Ingestion of highly processed foods increases the binding of endogenous opioid-
receptors in the NAc [76], and significantly decreases enkephalin mRNA in the NAc in
laboratory animals [65,77]. Additionally, a history of binge-eating highly processed food
(especially repeated periods of high sugar intake) may result in opioid-receptor super-
sensitivity in the shell of the NAc, hippocampus, cingulate, and locus coeruleus [23].
Highly processed food stimulates opioid release in the hypothalamus, and that may explain
why, in food-deprived, stressed rats, a minimal morsel of highly processed food unleashes
binge-eating of bland chow, an effect that does not occur without the highly processed
food trigger [18]. These studies imply that “hedonic” binge-type eating behavior may
be mediated, in part, by opioid-receptor super-sensitivity, which is perhaps the result
of repeated endogenous opioid release following highly processed food intake and is
analogous to opiate addiction.
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4.3. Orexin

The lateral hypothalamus (LH) is a fundamental area that bridges homeostatic and
hedonic eating. Orexins, synthesized exclusively in the hypothalamus, are associated with
feeding behavior—specifically, stimulating food consumption (in fact, “orexin” means
“appetite”) [78]. Studies have explored the role of orexin in food and addictive drugs.
Orexin has been implicated in drug abuse due to the similar neural circuitry involved in
the rewarding aspects of both food and drugs [79], although the specific mechanisms for
behavior remain unclear (though action sites include such reward-associated areas as the
VTA and NAc) [80].

The stimulation of orexin neurons in the LH is linked with the strength of preference
for cues that are predictive of drug and food reward. For example, in one study, researchers
ascertained rats’ preference for morphine, cocaine, food, or no reward, and then gave rats
the option to seek their corresponding preferred reward in a reward chamber, or to enter
an empty chamber. Only the rats that were conditioned and showed a preference for the
food or drug reward–paired chamber had increased Fos (a marker of neuronal stimulation)
in LH orexin cells; rats conditioned to prefer a “novel object” reward displayed preference
behavior but exhibited no enhanced orexins [81].

Interesting findings have been made with orexin regarding drug cessation. Following
protracted abstinence from morphine, rats showed a proclivity for drug reward over food
reward, along with alterations in Fos activation in orexins neurons within the LH [82].
A recently discovered role for LH orexin neurons within the context of food and drug
reward-seeking concerns reinstatement. Chemical activation of orexin in the LH recov-
ers extinguished drug-seeking behavior that was previously blocked by an orexin-A an-
tagonist. Additionally, orexin-A peptide directly administered into the VTA reinstates
drug-seeking [81].

In addition to orexin’s involvement in drug addiction, a neural connection between
hypothalamic orexin and the NAc may modulate the rewarding aspects of highly processed
food [83]. Cason et al. found that orexin signaling in the VTA stimulates intake of a
high-fat diet even in rats that are sated, suggesting that a pathway linking the LH and
NAc induces reward-mediated food intake in sated rats [80]. Additionally, mice that lack
sweet taste receptors are nonetheless still able to develop a preference for sucrose solutions,
probably because the orexin neurons that are activated upon feeding directly stimulate
VTA dopamine neurons [12]. Indeed, it is hypothesized that dysregulation of the orexin
system in the brain may contribute to the hedonic overeating that leads to obesity [80].

4.4. Acetylcholine and the Dopamine–Acetylcholine Balance

Accumbens acetylcholine (ACh) normally increases during a meal and reaches a
peak when feeding ceases, which is associated with satiety. Interestingly, the elevated
ACh levels are blunted in underweight rats, inciting slower satiation [84]. In the sugar
addiction model by Avena et al., rats bingeing on sugar have a delay in the rise of ACh,
and this probably contributes to the increase in food intake [9,66]. The irregularities in
other eating behaviors and drug addiction are quite intriguing. The behavioral signs
associated with drug withdrawal are typically accompanied by a decrease in dopamine
and an increase in ACh in the NAc. The imbalance of DA and ACh has been demonstrated
during chemically induced withdrawal from several addictive drugs, including nicotine,
morphine, and alcohol [85–87]. This neurochemical imbalance in DA and ACh during
withdrawal also occurs in sugar-bingeing rats, when they are given an opioid antagonist
(naloxone) to precipitate withdrawal [28] and following 36 h of food deprivation [88].
Together, sugar binges blunt ACh release, which may reduce the feelings of satiety, but
withdrawal increases ACh which, coupled with reduced dopamine levels, is postulated
to create not satiety, but an aversive state such as that seen during behavioral depression,
drug withdrawal, and conditioned taste aversion [3].
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5. Serotonin

Serotonin (5-hydroxytryptamine; 5-HT) is associated with reducing food intake.
Within the context of drug and sugar addiction, reduced 5-HT levels are associated with
both depression and compulsive behavior, two disorders that play a role in addictive
behavior [82]. Similarly, laboratory animals that have undergone calorie restriction and
intermittent access to highly processed food exhibit a significant (71%) reduction in 5-HT
in the medial prefrontal cortex [89]. Succinctly, binge-eating may precipitate 5-HT dysregu-
lation, thereby strengthening the addictive urge to overeat.

Human Studies of Food Addiction

As noted above, the YFAS has been developed to operationalize food addiction in
humans by using the diagnostic criteria for substance use disorders and applying them to
the consumption of highly processed foods. The first version of the YFAS based on the DSM
IV was released in 2009 (with an updated version based on the DSM 5 released in 2016) [12]
(Table 1). In multiple populations and samples, the versions of the YFAS have strong
psychometric properties in both adults and children. The YFAS typically demonstrates a
one-factor structure, strong convergent validity, internal consistency, incremental validity,
discriminant validity, and predictive validity [12]. The YFAS has been cited over 1000 times
and is translated and validated in several different languages (e.g., Spanish, German,
Korean, Chinese, and Arabic). Thus, the YFAS provides an important methodological tool
to identify individuals exhibiting signs of food addiction.

Table 1. Application of the DSM-5 substance-use disorder criteria to food addiction.

DSM-5 Criteria for Substance-Use Disorders * Relation to Food Addiction

Criterion A: Impaired Control over Substance Use

Individual may take substance in larger amounts or over a longer
period than originally intended

Unintended hyperphagia; eating despite lack of hunger;
eating until feeling physically ill

Individual may express a consistent desire to reduce or regulate
substance use and may report many unsuccessful efforts to do so

Dietary restraint; repeated failed attempts to limit the
consumption of particular foods

Individual may spend a significant amount of time obtaining the
substance, using the substance, or recovering from its effects

Going out of one’s way to obtain certain foods; eating
throughout the day; feeling sluggish after overeating

Craving is manifested by an intense desire or urge for the drug Overwhelming urge to consume certain foods; preoccupied by
thoughts of food and eating

Criterion B: Social Impairment

Recurrent substance use may result in failure to fulfill obligations
at work, school, or home

Overeating that results in obesity can limit recreational
activities and the ability to perform some aspects of one’s job
or household chores

Individual may continue using substance despite having
persistent or recurrent social or interpersonal problems caused or
exacerbated by effects of the substance

Individuals often get into arguments with loved ones about
the amount or way they are eating, akin to fighting about
smoking

Important social, occupational, or recreational activities may be
given up or reduced because of substance use

Professional or social situations may be avoided based on
food availability (e.g., a certain food is absent or fear of
overeating foods present). Also, overeating that leads to
obesity can limit participation in activities

Criterion C: Risky Use of the Substance

Recurrent substance use in physically hazardous situations Bingeing on sugar despite having diabetes or another
comorbidity that poses an immediate hazard to one’s health

Continued substance use despite knowing of having a persistent
or recurrent physical or psychological problem that is likely to
have been caused or exacerbated by the substance

Food habits are continued despite physical health concerns
(i.e., diabetes, hypertension, excessive weight gain,
cardiovascular disease) or psychological health concerns (i.e.,
depression, low self-esteem, eating disorders characterized by
binge-eating)
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Table 1. Cont.

DSM-5 Criteria for Substance-Use Disorders * Relation to Food Addiction

Criterion D: Pharmacological Criteria

Tolerance is signaled by requiring a markedly larger dose of the
substance to feel the desired effect or a markedly reduced effect
when the usual dose is consumed

Laboratory animals show escalation of highly processed food
intake over time in binge paradigms. Humans also report
needing greater amounts of food over time to achieve the
same effect, including reducing negative emotions like
sadness or increasing pleasure

Withdrawal is a syndrome that occurs when blood or tissue
concentrations of a substance decline in an individual who had
maintained prolonged heavy use of the substance

Opiate-like withdrawal has been observed in laboratory
animal models. Humans may feel irritable, nervous, or sad;
food is used to alleviate negative physical symptoms or
emotional problems, and when certain foods are cut down,
physical symptoms occur (e.g., headaches and fatigue)

* Severity of disorder is categorized from mild to severe depending on the number of criteria met, with two to
three symptoms indicating mild severity, four to five suggesting moderate severity, and six or greater indicating a
severe substance-use disorder. Whether clinically significant impairment or distress is also present is considered
when making a diagnosis [10].

Not all foods are expected to be ingested in an addictive way. When participants were
asked to indicate which foods they were most likely to consume in an addictive way (as
measured by the YFAS), participants reported that highly processed foods with elevated
levels of both refined carbohydrates and added fats were the most problematic (e.g., ice
cream, pizza, and fries). The next category of foods with high addiction risk were those
high only in refined carbohydrates (e.g., sugar-sweetened beverages and gummy candy).
Highly processed foods only high in fat (e.g., bacon, steak, and cheese) were rated as
having a lower addictive potential than highly processed foods with refined carbohydrates.
Finally, individuals reported experiencing the lowest addictive response to minimally or
unprocessed foods (like apples, salmon, beans, and carrots) [90]. This is consistent with
basic science that high amounts of refined carbohydrates (like sugar) and added fats are key
activators of reward circuitry and likely central to the addictive nature of these foods [3].
Further, dietary studies have found that ultra-processed foods (which are commonly high
in both refined carbohydrates and added fats) are consumed at higher levels by individuals
who meet the food addiction criteria [91].

Studies show that individuals who score higher on the YFAS are more likely to have
a higher body mass index (BMI), more frequent binge-eating, elevated weight-cycling,
greater impulsivity, increased emotion dysregulation, and greater attentional biases for
food [92]. Individuals with YFAS food addiction are also more likely to have a familial
history of alcohol problems (which is a known risk factor for addictive disorders) and to
exhibit a high-risk pattern of alcohol and nicotine product consumption [93]. In addition
to behavioral studies, human brain-imaging studies support the idea that dysregulated
eating behaviors, which include those that are observed in obesity, may share similarities
with drug addiction. Those with higher food addiction scores also have been shown to
have greater activation of brain regions related to motivation when anticipating highly
processed food, and reduced activation of inhibitory regions in response to food intake:
both characteristics like those of drug-addicted individuals who view and subsequently
use a drug [94]. Food addiction based on the YFAS has also been related to differential
responses to dopamine agonists and elevated scores on a composite genetic index of higher
dopamine signaling [94,95]. Thus, food addiction and drug addiction are both associated
with similar dysfunction in the reward system.

6. Discussion and Clinical Treatment

There is increasing evidence of neurochemical and behavioral commonalities between
over-consumption of highly processed foods and drug addiction, as well as the need to
create effective treatments to manage overeating and obesity. It is important to consider the
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effects that chronic access to highly processed foods can have on the reward system, and to
consider this as a contributing factor to the development of medical complications that are
linked to body weight and diet, as well as a potential target for treatment [96].

Interventions for this effect include the use of pharmacological treatments that reduce
palatability in conjunction with behavioral therapies, which may prove beneficial in dimin-
ishing the perceived palatability of foods, thereby reducing food intake [97]. Specifically,
a neurobehavioral model of treatment suggests that reward sensitivity to the highly pro-
cessed food that drives hedonic overeating is usually coupled with insufficient inhibitory
control. Strengthening this inhibitory control, through pharmacological or other clinical
means, could lessen the effect of highly processed food on individuals who exhibit an
addiction to these foods [98].

A number of new treatments for obesity targeting neural areas associated with food
addiction are currently in phase II and phase III clinical trials [99]. Most of these potential
treatment options target the neural pathways and neurotransmitters discussed in this chap-
ter. Specifically, bupropion, raclopride, and antipsychotics target the dopaminergic system;
naloxone, naltrexone, and nalmefene target the opioid system; baclofen and topiramate
target the GABA-ergic system; and novel targets of the cannabinoid receptors [100].

In addition, there are medications for the treatment of type 2 diabetes that have
become increasingly popular in the weight loss and weight maintenance space. This class
of medication is known as glucagon-like peptide-1 receptor antagonists, often referred to
as GLP-1 antagonists. Brand names such as Ozempic, Trulicity, and Victoza all work in the
beta-cells of the pancreas to enhance glucose-induced insulin secretion. GLP-1 also appears
to be a physiological regulator of appetite and food intake [100,101], explaining their role in
potential weight loss. These medications come with important risks to consider, and many
of these drugs have side effects, including increased risk of anxiety, obsessive-compulsive
disorder, depression, seizures, confusion, suicide, or memory deficits [99]. Details of some
of the aforementioned drugs and their neurochemical effects are outlined below.

6.1. Dopamine

Dopamine D2 receptors are consistently associated with food reward and consumption.
Differential effects of D2 receptor blockade on highly processed food consumption have
been reported. For example, Corwin et al. [102] found that the D2 receptor antagonist
raclopride selectively attenuated binge-consumption of vegetable fat precipitated by limited
access, while it had no effect on ad libitum ingestion of the food. In rats fed an ad libitum
high-fat diet, raclopride reduced consumption of the high-fat diet at high doses, but
increased consumption at lower doses [102]. In addition, the schedule of access to fat
varies the effects of D2 receptor blockade: raclopride was less effective at reducing fat
intake in non-deprived rats with intermittent access to fat as vs. rats with daily, one-
hour access [103,104]. By contrast, raclopride has been shown to attenuate sucrose intake
regardless of the access schedule [105].

6.2. Opioids

Naltrexone, an opiate-receptor antagonist, is used as a treatment for alcohol depen-
dence and is approved by the Food and Drug Administration (FDA); however, its efficacy
is debated [106]. Notwithstanding, several animal studies support the efficacy of opioid
antagonists in reducing binge-like food consumption, though under variable circumstances.
An opiate-receptor blockade may be more effective at reducing hedonic overeating of fat
and sugar bingeing [18], which is especially evident with the use of the opiate-receptor
antagonist naltrexone, which exerts its influence on reward-related areas of the brain
(e.g., amygdala) rather than homeostatic-related areas (e.g., hypothalamic paraventricular
nucleus) [107]. Another study suggests that, because opioids play a role in reward as well as
in pleasure, naltrexone reduces short-term highly processed food intake and reduces pleas-
antness ratings for foods without affecting hunger [12]. An additional study concluded
that treatment with naltrexone, in combination with a reduced-calorie diet and increased
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physical activity, was a well-tolerated and effective option for improving disordered eating
behavior and promoting weight loss in obese patients with binge eating disorder [108].
Finally, fluoxetine (alone and as an adjuvant to naltrexone) effectively reduces the frequency
of binge-eating in both open-label trials as well as in case studies [109].

6.3. Serotonin

Serotonin (5-HT) is involved with hedonic eating by inhibiting food intake. Individuals
with a history of binge-eating behavior have reduced 5-HT transporter binding; however,
after treatment with a selective serotonin reuptake-inhibitor (SSRI), fluoxetine, 5-HT binding
increased significantly [109]. SSRIs—such as fluoxetine and citalopram—which are typically
used to treat depression, have demonstrated efficacy at reducing the frequency of binge behav-
ior but do not significantly result in weight loss. However, the serotonin and norepinephrine
reuptake-inhibitor sibutramine is efficacious at reducing both short-term binge frequency and
weight [110]. In animal studies, fluoxetine attenuates binge-eating of highly processed food
in rats with a history of food restriction and sporadic access to highly processed food [88].
Interestingly, fluoxetine also reduces intravenous cocaine self-administration in rats [109].
Serotonin transporter binding is an adaptive mechanism that can be affected by treatment,
and has been shown to reduce binge-eating in short-term studies.

6.4. Orexin

Orexin systems are implicated with inciting highly processed food- and drug-seeking
behavior when cue-stimulated (even in the absence of reward). Researchers have observed
overlap in the treatment of hedonic overeating and substance addiction with orexin antag-
onists (similar treatment for obesity as for alcohol-seeking) in rats [111,112]. Specifically,
blocking orexin receptor-1 (OxR1) signaling can attenuate the cue-induced reinstatement
of sucrose-seeking, primarily in rats that are food-restricted [79]. The results from prelim-
inary studies have implications for humans as well: interference with the orexin system
using an orexin-1 receptor antagonist affects long-term energy balance via both food intake
and weight reduction [113]. Orexin systems are valid targets for the pharmacotherapy of
binge-eating.

6.5. Ineffective Pharmacological Treatment

The effectiveness of pharmacological interventions may be contingent, to some extent,
upon the macronutrient composition of a binge. For example, an intervention targeting the
dopamine system was more effective during a high-fat, low-sugar meal, and less effective
with higher sugar content, especially when the sugar was consumed within a short amount
of time [113]. To further illustrate, drugs such as the GABA receptor agonist baclofen, the
D2 receptor antagonist raclopride, and the opioid-receptor antagonist naltrexone, though
effective in reducing intake of mixtures with low levels of sucrose but high levels of fat, are
ineffective at preventing bingeing in rats when exposed to both high-fat and high-sugar
mixtures [12,95]. This highlights the importance of a multidimensional treatment approach
that limits both fat and sucrose concentrations in binge foods (or limits access to highly
processed foods) in addition to pharmacological treatment.

To date, current treatment options for food addiction are still not well established,
mainly due to the lack of studies that are controlled and contain large samples of patients.
Notwithstanding, the data on serotonin and norepinephrine reuptake inhibitors and on
anticonvulsants hold promise with respect to both efficacy and tolerability. There also
exist promising data that suggest the possibility of regulating the desire to eat through
an interference with the ghrelin and GLP-1 system [114]. However, emerging evidence
aside, our current understanding of food addiction treatment is wanting; no clear treatment
protocol has yet been determined for addictive eating.
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6.6. Non-Pharmacological Treatment

Some individuals eat addictively as a way to self-medicate or to soothe negative
emotional states such as loneliness, boredom, anxiety, depression, and conflict. A history
of trauma and post-traumatic stress disorder symptoms is also elevated in individuals
with food addiction [115,116]. Consequently, behavior modification is often a necessary
and effective addition to pharmacological interventions in the treatment of food addic-
tions [6]. Indeed, certain behavioral interventions have been useful for both food and drug
addiction; namely, incentive motivation, cognitive behavioral therapy, 12-step programs,
and motivational interviewing [5]. Notwithstanding the optimal support of any of these
treatment methods, treatment of addictive eating may still be a laborious process, punctu-
ated by alternating periods of relapse and recovery [12]. This is particularly true in a food
environment dominated by cheap, easily accessible, and heavily marketed ultra-processed
foods high in refined carbohydrates and added fats. Clinical treatment combined with
pharmacological treatment may provide a helpful alternative for many individuals to
achieve more significant, long-lasting changes. In general, rigorous, long-term research
on optimal treatments for individuals endorsing an addiction to highly processed foods
is a significant need given the high levels of psychopathology and lower quality of life
associated with this profile [12,117].

7. Conclusions

Chronic overeating of highly processed foods can alter brain function in ways sim-
ilar to addictive drugs. Long-standing neurobiological research (i.e., positron emission
tomography scans and fMRI imaging) has provided insight into how drug and alcohol
addiction affects brain systems. Building on these studies, which have provided addiction
neuroscience models, further research with laboratory animals has rendered considerable
evidence to support the theory that both addictive drugs and the consumption of highly
processed foods utilize a shared pathway within the limbic system to mediate motivated be-
haviors. Neurologically speaking, highly processed foods can act like a traditional addictive
drug, altering brain function in ways similar to drugs, particularly within the mesolimbic
dopamine-reward pathway. Similarly, pharmacological interventions that extinguish drug
addiction and cravings may also be effective at reducing addictive eating behavior, though
more research is warranted. Despite great advancements in understanding the short-term
effects of hedonic eating, there is a paucity of long-term research on food addiction and its
treatment. Determining the long-term consequences of diets high in sugar, salt, and fat on
the limbic system and on human behavior will provide insights into the underlying causes
and treatments of food addiction. Greater knowledge of the addictive nature of highly
processed foods will also inform the need for policies and legislation aimed at altering a
food environment dominated by these substances.

8. Future Directions for Research

The study of food addiction and feeding disorders is still a relatively new field, and,
like many medical phenomena, is subject to complex, intersectional factors. It would
be valuable to explore the ways in which demographic and other social determinants
contribute to hedonic eating in different communities. Approaching chronic overeating
from a holistic perspective will ultimately lead to more effective identification and treatment
of its physiological, psychological, and environmental aspects.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Emily Sullivan and Alastair Tulloch for their contribution
to previous versions of this chapter and for adding considerable knowledge, research, and experience
to this project.

Conflicts of Interest: The authors declare no conflict of interest.



Brain Sci. 2024, 14, 952 15 of 19

References
1. Koob, G.F.; Le Moal, M. Neurobiology of Addiction; Academic Press: San Diego, CA, USA, 2005.
2. Stephens, D.W.; Kerr, B.; Fernandez-Juricic, E. Impulsiveness without discounting: The ecological rationality hypothesis. Proc.

Biol. Sci. 2004, 271, 2459–2465. [CrossRef] [PubMed]
3. Avena, N.M.; Rada, P.; Hoebel, B.G. Evidence for sugar addiction: Behavioral and neurochemical effects of intermittent, excessive

sugar intake. Neurosci. Biobehav. Rev. 2008, 32, 20–39. [CrossRef] [PubMed]
4. Corwin, R.L.; Grigson, P.S. Symposium overview—Food addiction: Fact or fiction? J. Nutr. 2009, 139, 617–619. [CrossRef]

[PubMed]
5. Volkow, N.D.; O’Brien, C.P. Issues for DSM-V: Should obesity be included as a brain disorder? Am. J. Psychiatry 2007, 164, 708–710.

[CrossRef] [PubMed]
6. DiFeliceantonio, A.G.; Coppin, G.; Rigoux, L.; Thanarajah, S.E.; Dagher, A.; Tittgemeyer, M.; Small, D.M. Supra-Additive Effects

of Combining Fat and Carbohydrate on Food Reward. Cell Metab. 2018, 28, 33–44. [CrossRef]
7. Gearhardt, A.N.; DiFeliceantonio, A.G. Highly processed foods can be considered addictive substances based on established

scientific criteria. Addiction 2023, 118, 589–598. [CrossRef]
8. Kelly, A.L.; Baugh, M.E.; Oster, M.E.; DiFeliceantonio, A.G. The impact of caloric availability on eating behavior and ultra-

processed food reward. Appetite 2022, 178, 106274. [CrossRef]
9. Brownell, K.D.; Gold, M.S. Food and Addiction: A Comprehensive Handbook; Oxford University Press: Oxford, UK, 2012.
10. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; Text Rev.; American Psychiatric

Association: Washington, DC, USA, 2022.
11. Meule, A. A Critical Examination of the Practical Implications Derived from the Food Addiction Concept. Curr. Obes. Rep. 2019,

8, 11–17. [CrossRef]
12. Gearhardt, A.N.; Schulte, E.M. Is food addictive? A review of the science. Annu. Rev. Nutr. 2021, 41, 387–410. [CrossRef]
13. Gearhardt, A.N. Commentary on Minhas et al.: Food addiction—-The role of substance and environmental factors. Addiction

2021, 116, 2880–2881. [CrossRef]
14. Praxedes, D.R.S.; Silva-Júnior, A.E.; Macena, M.L.; Oliveira, A.D.; Cardoso, K.S.; Nunes, L.O.; Monteiro, M.B.; Melo, I.S.V.;

Gearhardt, A.N.; Bueno, N.B. Prevalence of food addiction determined by the Yale Food Addiction Scale and associated factors:
A systematic review with meta-analysis. Eur. Eat. Disord. Rev. 2022, 30, 85–95. [CrossRef] [PubMed]

15. Yekaninejad, M.S.; Badrooj, N.; Vosoughi, F.; Lin, C.Y.; Potenza, M.N.; Pakpour, A.H. Prevalence of food addiction in children and
adolescents: A systematic review and meta-analysis. Obes. Rev. 2021, 22, e13183. [CrossRef] [PubMed]

16. LaFata, E.M.; Gearhardt, A.N. Ultra-Processed food addiction: An epidemic? Psychother. Psychosom. 2022, 91, 363–372. [CrossRef]
[PubMed]

17. Berner, L.A.; Avena, N.M.; Hoebel, B.G. Bingeing, self-restriction, and increased body weight in rats with limited access to a
sweet-fat diet. Obesity 2008, 16, 1998–2002. [CrossRef] [PubMed]

18. Boggiano, M.M.; Chandler, P.C.; Viana, J.B.; Oswald, K.D.; Maldonado, C.R.; Wauford, P.K. Combined dieting and stress evoke
exaggerated responses to opioids in binge-eating rats. Behav. Neurosci. 2005, 119, 1207–1214. [CrossRef]

19. Corwin, R.L. Bingeing rats: A model of intermittent excessive behavior? Appetite 2006, 46, 11–15. [CrossRef]
20. Malik, V.S.; Schulze, M.B.; Hu, F.B. Intake of sugar-sweetened beverages and weight gain: A systematic review. Am. J. Clin. Nutr.

2006, 84, 274–288. [CrossRef]
21. Avena, N.M.; Long, K.A.; Hoebel, B.G. Sugar-dependent rats show enhanced responding for sugar after abstinence: Evidence of a

sugar deprivation effect. Physiol. Behav. 2005, 84, 359–362. [CrossRef]
22. Vanderschuren, L.J.; Kalivas, P.W. Alterations in dopaminergic and glutamatergic transmission in the induction and expression of

behavioral sensitization: A critical review of preclinical studies. Psychopharmacology 2000, 151, 99–120. [CrossRef]
23. Colantuoni, C.; Schwenker, J.; McCarthy, J.; Rada, P.; Ladenheim, B.; Cadet, J.-L.; Schwartz, G.J.; Moran, T.H.; Hoebel, B.G.

Excessive sugar intake alters binding to dopamine and mu-opioid receptors in the brain. Neuroreport 2001, 12, 3549–3552.
[CrossRef]

24. de Sa Nogueira, D.; Bourdy, R.; Filliol, D.; Awad, G.; Andry, V.; Goumon, Y.; Olmstead, M.C.; Befort, K. Binge sucrose-induced
neuroadaptations: A focus on the endocannabinoid system. Appetite 2021, 164, 105258. [CrossRef] [PubMed]

25. Bello, N.T.; Hajnal, A. Dopamine and binge eating behaviors. Pharmacol. Biochem. Behav. 2010, 97, 25–33. [CrossRef] [PubMed]
26. Parnarouskis, L.; Leventhal, A.M.; Ferguson, S.G.; Gearhardt, A.N. Withdrawal: A key consideration in evaluating whether

highly processed foods are addictive. Obes. Rev. 2022, 23, e13507. [CrossRef] [PubMed]
27. Way, E.L.; Loh, H.H.; Shen, F.H. Simultaneous quantitative assessment of morphine tolerance and physical dependence. J. Phar-

macol. Exp. Ther. 1969, 167, 1–8.
28. Colantuoni, C.; Rada, P.; McCarthy, J.; Patten, C.; Avena, N.M.; Chadeayne, A.; Hoebel, B.G. Evidence that intermittent, excessive

sugar intake causes endogenous opioid dependence. Obes. Res. 2002, 10, 478–488. [CrossRef]
29. Cottone, P.; Sabino, V.; Steardo, L.; Zorrilla, E.P. Opioid-dependent anticipatory negative contrast and binge-like eating in rats

with limited access to highly preferred food. Neuropsychopharmacology 2008, 33, 524–535. [CrossRef]
30. Wideman, C.H.; Nadzam, G.R.; Murphy, H.M. Implications of an animal model of sugar addiction, withdrawal and relapse for

human health. Nutr. Neurosci. 2005, 8, 269–276. [CrossRef]

https://doi.org/10.1098/rspb.2004.2871
https://www.ncbi.nlm.nih.gov/pubmed/15590596
https://doi.org/10.1016/j.neubiorev.2007.04.019
https://www.ncbi.nlm.nih.gov/pubmed/17617461
https://doi.org/10.3945/jn.108.097691
https://www.ncbi.nlm.nih.gov/pubmed/19176750
https://doi.org/10.1176/ajp.2007.164.5.708
https://www.ncbi.nlm.nih.gov/pubmed/17475727
https://doi.org/10.1016/j.cmet.2018.05.018
https://doi.org/10.1111/add.16065
https://doi.org/10.1016/j.appet.2022.106274
https://doi.org/10.1007/s13679-019-0326-2
https://doi.org/10.1146/annurev-nutr-110420-111710
https://doi.org/10.1111/add.15588
https://doi.org/10.1002/erv.2878
https://www.ncbi.nlm.nih.gov/pubmed/34953001
https://doi.org/10.1111/obr.13183
https://www.ncbi.nlm.nih.gov/pubmed/33403795
https://doi.org/10.1159/000527322
https://www.ncbi.nlm.nih.gov/pubmed/36349805
https://doi.org/10.1038/oby.2008.328
https://www.ncbi.nlm.nih.gov/pubmed/19186326
https://doi.org/10.1037/0735-7044.119.5.1207
https://doi.org/10.1016/j.appet.2004.09.002
https://doi.org/10.1093/ajcn/84.2.274
https://doi.org/10.1016/j.physbeh.2004.12.016
https://doi.org/10.1007/s002130000493
https://doi.org/10.1097/00001756-200111160-00035
https://doi.org/10.1016/j.appet.2021.105258
https://www.ncbi.nlm.nih.gov/pubmed/33864862
https://doi.org/10.1016/j.pbb.2010.04.016
https://www.ncbi.nlm.nih.gov/pubmed/20417658
https://doi.org/10.1111/obr.13507
https://www.ncbi.nlm.nih.gov/pubmed/36196649
https://doi.org/10.1038/oby.2002.66
https://doi.org/10.1038/sj.npp.1301430
https://doi.org/10.1080/10284150500485221


Brain Sci. 2024, 14, 952 16 of 19

31. Galic, M.A.; Persinger, M.A. Voluminous sucrose consumption in female rats: Increased “nippiness” during periods of sucrose
removal and possible oestrus periodicity. Psychol. Rep. 2002, 90, 58–60. [CrossRef]

32. Sinclair, J.D.; Senter, R.J. Development of an alcohol-deprivation effect in rats. Q. J. Stud. Alcohol. 1968, 29, 863–867. [CrossRef]
33. Ciccocioppo, R.; Angeletti, S.; Weiss, F. Long-lasting resistance to extinction of response reinstatement induced by ethanol-related

stimuli: Role of genetic ethanol preference. Alcohol Clin. Exp. Res. 2001, 251, 414–1419.
34. Grimm, J.W.; Shaham, Y.; Hope, B.T. Effect of cocaine and sucrose withdrawal period on extinction behavior, cue-induced

reinstatement, and protein levels of the dopamine transporter and tyrosine hydroxylase in limbic and cortical areas in rats. Behav.
Pharmacol. 2002, 13, 379–388. [CrossRef] [PubMed]

35. Lu, L.; Grimm, J.W.; Hope, B.T.; Shaham, Y. Incubation of cocaine craving after withdrawal: A review of preclinical data.
Neuropharmacology 2004, 47 (Suppl. 1), 214–226. [CrossRef] [PubMed]

36. Grimm, J.W.; Fyall, A.M.; Osincup, D.P. Incubation of sucrose craving: Effects of reduced training and sucrose pre-loading.
Physiol. Behav. 2005, 84, 73–79. [CrossRef] [PubMed]

37. Berridge, K.C. “Liking” and “wanting” food rewards: Brain substrates and roles in eating disorders. Physiol. Behav. 2009, 97,
537–550. [CrossRef] [PubMed]

38. Antelman, S.M.; Caggiula, A.R. Oscillation follows drug sensitization: Implications. Crit. Rev. Neurobiol. 1996, 10, 101–117.
[CrossRef]

39. Robinson, T.E.; Becker, J.B. Enduring changes in brain and behavior produced by chronic amphetamine administration: A review
and evaluation of animal models of amphetamine psychosis. Brain Res. 1986, 396, 157–198. [CrossRef]

40. Ellgren, M.; Spano, S.M.; Hurd, Y.L. Adolescent cannabis exposure alters opiate intake and opioid limbic neuronal populations in
adult rats. Neuropsychopharmacology 2007, 32, 607–615. [CrossRef]

41. Henningfield, J.E.; Clayton, R.; Pollin, W. Involvement of tobacco in alcoholism and illicit drug use. Br. J. Addict. 1990, 85, 279–291.
[CrossRef]

42. Hubbell, C.L.; Mankes, R.F.; Reid, L.D. A small dose of morphine leads rats to drink more alcohol and achieve higher blood
alcohol concentrations. Alcohol Clin. Exp. Res. 1993, 17, 1040–1043. [CrossRef]

43. Liguori, A.; Hughes, J.R.; Goldberg, K.; Callas, P. Subjective effects of oral caffeine in formerly cocaine-dependent humans. Drug
Alcohol Depend. 1997, 49, 17–24. [CrossRef]

44. Nichols, M.L.; Hubbell, C.L.; Kalsher, M.J.; Reid, L.D. Morphine increases intake of beer among rats. Alcohol 1991, 8, 237–240.
[CrossRef]

45. Volpicelli, J.R.; Ulm, R.R.; Hopson, N. Alcohol drinking in rats during and following morphine injections. Alcohol 1991, 8, 289–292.
[CrossRef] [PubMed]

46. Avena, N.M.; Hoebel, B.G. A diet promoting sugar dependency causes behavioral cross-sensitization to a low dose of am-
phetamine. Neuroscience 2003, 122, 17–20. [CrossRef] [PubMed]

47. Gosnell, B.A. Sucrose intake enhances behavioral sensitization produced by cocaine. Brain Res. 2005, 1031, 194–201. [CrossRef]
[PubMed]

48. Foley, K.A.; Fudge, M.A.; Kavaliers, M.; Ossenkopp, K.P. Quinpirole-induced behavioral sensitization is enhanced by prior
scheduled exposure to sucrose: A multi-variable examination of locomotor activity. Behav. Brain Res. 2006, 167, 49–56. [CrossRef]
[PubMed]

49. Robinson, T.E.; Berridge, K.C. The neural basis of drug craving: An incentive-sensitization theory of addiction. Brain Res. Rev.
1993, 18, 247–291. [CrossRef]

50. Avena, N.M.; Carrillo, C.A.; Needham, L.; Leibowitz, S.F.; Hoebel, B.G. Sugar-dependent rats show enhanced intake of unsweet-
ened ethanol. Alcohol 2004, 34, 203–209. [CrossRef]

51. Carroll, M.E.; Anderson, M.M.; Morgan, A.D. Regulation of intravenous cocaine self-administration in rats selectively bred for
high (HiS) and low (LoS) saccharin intake. Psychopharmacology 2007, 190, 331–341. [CrossRef]

52. Davis, J.F.; Tracy, A.L.; Schurdak, J.D.; Tschöp, M.H.; Lipton, J.W.; Clegg, D.J.; Benoit, S.C. Exposure to elevated levels of dietary
fat attenuates psychostimulant reward and mesolimbic dopamine turnover in the rat. Behav. Neurosci. 2008, 122, 1257–1263.
[CrossRef]

53. Unterwald, E.M.; Ho, A.; Rubenfeld, J.M.; Kreek, M.J. Time course of the development of behavioral sensitization and dopamine
receptor up-regulation during binge cocaine administration. J. Pharmacol. Exp. Ther. 1994, 270, 1387–1396.

54. Alburges, M.E.; Narang, N.; Wamsley, J.K. Alterations in the dopaminergic receptor system after chronic administration of
cocaine. Synapse 1993, 14, 314–323. [CrossRef] [PubMed]

55. Unterwald, E.M.; Kreek, M.J.; Cuntapay, M. The frequency of cocaine administration impacts cocaine-induced receptor alterations.
Brain Res. 2001, 900, 103–109. [CrossRef] [PubMed]

56. Spangler, R.; Goddard, N.L.; Avena, N.M.; Hoebel, B.G.; Leibowitz, S.F. Elevated D3 dopamine receptor mRNA in dopaminergic
and dopaminoceptive regions of the rat brain in response to morphine. Mol. Brain Res. 2003, 111, 74–83. [CrossRef] [PubMed]

57. Moore, R.J.; Vinsant, S.L.; Nader, M.A.; Porrino, L.J.; Friedman, D.P. Effect of cocaine self-administration on dopamine D2
receptors in rhesus monkeys. Synapse 1998, 30, 88–96. [CrossRef]

58. Georges, F.; Stinus, L.; Bloch, B.; Le Moine, C. Chronic morphine exposure and spontaneous withdrawal are associated with
modifications of dopamine receptor and neuropeptide gene expression in the rat striatum. Eur. J. Neurosci. 1999, 11, 481–490.
[CrossRef] [PubMed]

https://doi.org/10.2466/pr0.2002.90.1.58
https://doi.org/10.15288/qjsa.1968.29.863
https://doi.org/10.1097/00008877-200209000-00011
https://www.ncbi.nlm.nih.gov/pubmed/12394414
https://doi.org/10.1016/j.neuropharm.2004.06.027
https://www.ncbi.nlm.nih.gov/pubmed/15464139
https://doi.org/10.1016/j.physbeh.2004.10.011
https://www.ncbi.nlm.nih.gov/pubmed/15642609
https://doi.org/10.1016/j.physbeh.2009.02.044
https://www.ncbi.nlm.nih.gov/pubmed/19336238
https://doi.org/10.1615/CritRevNeurobiol.v10.i1.50
https://doi.org/10.1016/0165-0173(86)90002-0
https://doi.org/10.1038/sj.npp.1301127
https://doi.org/10.1111/j.1360-0443.1990.tb03084.x
https://doi.org/10.1111/j.1530-0277.1993.tb05661.x
https://doi.org/10.1016/S0376-8716(97)00133-6
https://doi.org/10.1016/0741-8329(91)90273-Y
https://doi.org/10.1016/0741-8329(91)90401-H
https://www.ncbi.nlm.nih.gov/pubmed/1651736
https://doi.org/10.1016/S0306-4522(03)00502-5
https://www.ncbi.nlm.nih.gov/pubmed/14596845
https://doi.org/10.1016/j.brainres.2004.10.037
https://www.ncbi.nlm.nih.gov/pubmed/15649444
https://doi.org/10.1016/j.bbr.2005.08.015
https://www.ncbi.nlm.nih.gov/pubmed/16198008
https://doi.org/10.1016/0165-0173(93)90013-P
https://doi.org/10.1016/j.alcohol.2004.09.006
https://doi.org/10.1007/s00213-006-0600-3
https://doi.org/10.1037/a0013111
https://doi.org/10.1002/syn.890140409
https://www.ncbi.nlm.nih.gov/pubmed/8161369
https://doi.org/10.1016/S0006-8993(01)02269-7
https://www.ncbi.nlm.nih.gov/pubmed/11325352
https://doi.org/10.1016/S0169-328X(02)00671-X
https://www.ncbi.nlm.nih.gov/pubmed/12654507
https://doi.org/10.1002/(SICI)1098-2396(199809)30:1%3C88::AID-SYN11%3E3.0.CO;2-L
https://doi.org/10.1046/j.1460-9568.1999.00462.x
https://www.ncbi.nlm.nih.gov/pubmed/10051749


Brain Sci. 2024, 14, 952 17 of 19

59. Goeders, N.E.; Kuhar, M.J. Chronic cocaine administration induces opposite changes in dopamine receptors in the striatum and
nucleus accumbens. Alcohol Drug Res. 1987, 7, 207–216.

60. Turchan, J.; Lason, W.; Budziszewska, B.; Przewlocka, B. Effects of single and repeated morphine administration on the
prodynorphin, proenkephalin and dopamine D2 receptor gene expression in the mouse brain. Neuropeptides 1997, 31, 24–28.
[CrossRef]

61. Volkow, N.D.; Ding, Y.S.; Fowler, J.S.; Wang, G.J. Cocaine addiction: Hypothesis derived from imaging studies with PET. J. Addict.
Dis. 1996, 15, 55–71. [CrossRef]

62. Volkow, N.D.; Wang, G.; Fowler, J.S.; Logan, J.; Hitzemann, R.; Ding, Y.; Pappas, N.; Shea, C.; Piscani, K. Decreases in dopamine
receptors but not in dopamine transporters in alcoholics. Alcohol Clin. Exp. Res. 1996, 20, 1594–1598. [CrossRef]

63. Volkow, N.D.; Wang, G.-J.; Telang, F.; Fowler, J.S.; Logan, J.; Childress, A.-R.; Jayne, M.; Ma, Y.; Wong, C. Cocaine cues and
dopamine in dorsal striatum: Mechanism of craving in cocaine addiction. J. Neurosci. 2006, 26, 6583–6588. [CrossRef]

64. Bello, N.T.; Lucas, L.R.; Hajnal, A. Repeated sucrose access influences dopamine D2 receptor density in the striatum. Neuroreport
2002, 13, 1575–1578. [CrossRef] [PubMed]

65. Spangler, R.; Wittkowski, K.M.; Goddard, N.L.; Avena, N.M.; Hoebel, B.G.; Leibowitz, S.F. Opiate-like effects of sugar on gene
expression in reward areas of the rat brain. Mol. Brain Res. 2004, 124, 134–142. [CrossRef] [PubMed]

66. Di Chiara, G.; Imperato, A. Drugs abused by humans preferentially increase synaptic dopamine concentrations in the mesolimbic
system of freely moving rats. Proc. Nat. Acad. Sci. USA 1988, 85, 5274–5278. [CrossRef] [PubMed]

67. Rada, P.; Avena, N.M.; Hoebel, B.G. Daily bingeing on sugar repeatedly releases dopamine in the accumbens shell. Neuroscience
2005, 134, 737–744. [CrossRef] [PubMed]

68. Bassareo, V.; Di Chiara, G. Differential influence of associative and nonassociative learning mechanisms on the responsiveness of
prefrontal and accumbal dopamine transmission to food stimuli in rats fed ad libitum. J. Neurosci. 1997, 17, 851–861. [CrossRef]

69. de Wit, H. Priming effects with drugs and other reinforcers. Exp. Clin. Psychopharmacol. 1996, 4, 5–10. [CrossRef]
70. Pothos, E.N.; Creese, I.; Hoebel, B.G. Restricted eating with weight loss selectively decreases extracellular dopamine in the

nucleus accumbens and alters dopamine response to amphetamine, morphine, and food intake. J. Neurosci. 1995, 15, 6640–6650.
[CrossRef]

71. Bello, N.T.; Sweigart, K.L.; Lakoski, J.M.; Norgren, R.; Hajnal, A. Restricted feeding with scheduled sucrose access results in an
upregulation of the rat dopamine transporter. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 284, R1260–R1268. [CrossRef]

72. Bailey, A.; Gianotti, R.; Ho, A.; Kreek, M.J. Persistent upregulation of mu-opioid, but not adenosine, receptors in brains of
long-term withdrawn escalating dose “binge” cocaine-treated rats. Synapse 2005, 57, 160–166. [CrossRef]

73. Vigano, D.; Rubino, T.; Di Chiara, G.; Ascari, I.; Massi, P.; Parolaro, D. Mu opioid receptor signaling in morphine sensitization.
Neuroscience 2003, 117, 921–929. [CrossRef]

74. Uhl, G.R.; Ryan, J.P.; Schwartz, J.P. Morphine alters preproenkephalin gene expression. Brain Res. 1988, 459, 391–397. [CrossRef]
[PubMed]

75. Zubieta, J.K.; Gorelick, D.A.; Stauffer, R.; Ravert, H.T.; Dannals, R.F.; Frost, J.J. Increased mu opioid receptor binding detected by
PET in cocaine-dependent men is associated with cocaine craving. Nat. Med. 1996, 2, 1225–1229. [CrossRef] [PubMed]

76. Kelley, A.E.; Bakshi, V.P.; Haber, S.N.; Steininger, T.L.; Will, M.J.; Zhang, M. Opioid modulation of taste hedonics within the
ventral striatum. Physiol. Behav. 2002, 76, 365–377. [CrossRef] [PubMed]

77. Kelley, A.E.; Will, M.J.; Steininger, T.L.; Zhang, M.; Haber, S.N. Restricted daily consumption of a highly palatable food (chocolate
Ensure®) alters striatal enkephalin gene expression. Eur. J. Neurosci. 2003, 18, 2592–2598. [CrossRef] [PubMed]

78. Sakurai, T.; Amemiya, A.; Ishii, M.; Matsuzaki, I.; Chemelli, R.M.; Tanaka, H.; Williams, S.C.; Richardson, J.A.; Kozlowski, G.P.;
Wilson, S.; et al. Orexins and orexin receptors: A family of hypothalamic neuropeptides and G protein-coupled receptors that
regulate feeding behavior. Cell 1998, 92, 573–585. [CrossRef]

79. Volkow, N.D.; Wise, R.A. How can drug addiction help us understand obesity? Nat. Neurosci. 2005, 8, 555–560. [CrossRef]
80. Cason, A.M.; Smith, R.J.; Tahsili-Fahadan, P.; Moorman, D.E.; Sartor, G.C.; Aston-Jones, G. Role of orexin/hypocretin in

reward-seeking and addiction: Implications for obesity. Physiol. Behav. 2010, 100, 419–428. [CrossRef]
81. Harris, G.C.; Wimmer, M.; Aston-Jones, G. A role for lateral hypothalamic orexin neurons in reward seeking. Nature 2005,

437, 556–559. [CrossRef]
82. Harris, G.C.; Aston-Jones, G. Augmented accumbal serotonin levels decrease the preference for a morphine associated environ-

ment during withdrawal. Neuropsychopharmacology 2001, 24, 75–85. [CrossRef]
83. Zheng, H.; Patterson, L.M.; Berthoud, H.R. Orexin signaling in the ventral tegmental area is required for high-fat appetite induced

by opioid stimulation of the nucleus accumbens. J. Neurosci. 2007, 27, 11075–11082. [CrossRef]
84. Avena, N.M.; Rada, P.; Hoebel, B.G. Underweight rats have enhanced dopamine release and blunted acetylcholine response in

the nucleus accumbens while bingeing on sucrose. Neuroscience 2008, 156, 865–871. [CrossRef] [PubMed]
85. Rada, P.; Jensen, K.; Hoebel, B.G. Effects of nicotine and mecamylamine-induced withdrawal on extracellular dopamine and

acetylcholine in the rat nucleus accumbens. Psychopharmacology 2001, 157, 105–110. [CrossRef] [PubMed]
86. Rada, P.; Johnson, D.F.; Lewis, M.J.; Hoebel, B.G. In alcohol-treated rats, naloxone decreases extracellular dopamine and increases

acetylcholine in the nucleus accumbens: Evidence of opioid withdrawal. Pharmacol. Biochem. Behav. 2004, 79, 599–605. [CrossRef]
[PubMed]

https://doi.org/10.1016/S0143-4179(97)90015-9
https://doi.org/10.1300/J069v15n04_04
https://doi.org/10.1111/j.1530-0277.1996.tb05936.x
https://doi.org/10.1523/JNEUROSCI.1544-06.2006
https://doi.org/10.1097/00001756-200208270-00017
https://www.ncbi.nlm.nih.gov/pubmed/12218708
https://doi.org/10.1016/j.molbrainres.2004.02.013
https://www.ncbi.nlm.nih.gov/pubmed/15135221
https://doi.org/10.1073/pnas.85.14.5274
https://www.ncbi.nlm.nih.gov/pubmed/2899326
https://doi.org/10.1016/j.neuroscience.2005.04.043
https://www.ncbi.nlm.nih.gov/pubmed/15987666
https://doi.org/10.1523/JNEUROSCI.17-02-00851.1997
https://doi.org/10.1037/1064-1297.4.1.5
https://doi.org/10.1523/JNEUROSCI.15-10-06640.1995
https://doi.org/10.1152/ajpregu.00716.2002
https://doi.org/10.1002/syn.20168
https://doi.org/10.1016/S0306-4522(02)00825-4
https://doi.org/10.1016/0006-8993(88)90658-0
https://www.ncbi.nlm.nih.gov/pubmed/3179713
https://doi.org/10.1038/nm1196-1225
https://www.ncbi.nlm.nih.gov/pubmed/8898749
https://doi.org/10.1016/S0031-9384(02)00751-5
https://www.ncbi.nlm.nih.gov/pubmed/12117573
https://doi.org/10.1046/j.1460-9568.2003.02991.x
https://www.ncbi.nlm.nih.gov/pubmed/14622160
https://doi.org/10.1016/S0092-8674(00)80949-6
https://doi.org/10.1038/nn1452
https://doi.org/10.1016/j.physbeh.2010.03.009
https://doi.org/10.1038/nature04071
https://doi.org/10.1016/S0893-133X(00)00184-6
https://doi.org/10.1523/JNEUROSCI.3542-07.2007
https://doi.org/10.1016/j.neuroscience.2008.08.017
https://www.ncbi.nlm.nih.gov/pubmed/18790017
https://doi.org/10.1007/s002130100781
https://www.ncbi.nlm.nih.gov/pubmed/11512050
https://doi.org/10.1016/j.pbb.2004.09.011
https://www.ncbi.nlm.nih.gov/pubmed/15582668


Brain Sci. 2024, 14, 952 18 of 19

87. Rada, P.V.; Mark, G.P.; Taylor, K.M.; Hoebel, B.G. Morphine and naloxone, i.p. or locally, affect extracellular acetylcholine in the
accumbens and prefrontal cortex. Pharmacol. Biochem. Behav. 1996, 53, 809–816. [CrossRef]

88. Avena, N.M.; Bocarsly, M.E.; Rada, P.; Kim, A.; Hoebel, B.G. After daily bingeing on a sucrose solution, food deprivation induces
anxiety and accumbens dopamine/acetylcholine imbalance. Physiol. Behav. 2008, 94, 309–315. [CrossRef]

89. Chandler-Laney, P.; Castaneda, E.; Pritchett, C.; Smith, M.; Giddings, M.; Artiga, A.; Boggiano, M. A history of caloric restriction
induces neurochemical and behavioral changes in rats consistent with models of depression. Pharmacol. Biochem. Behav. 2007,
87, 104–114. [CrossRef]

90. Schulte, E.M.; Avena, N.M.; Gearhardt, A.N. Which foods may be addictive? The roles of processing, fat content, and glycemic
load. PLoS ONE 2015, 10, e0117959. [CrossRef]

91. Whatnall, M.; Clarke, E.; Collins, C.E.; Pursey, K.; Burrows, T. Ultra-processed food intakes associated with ‘food addiction’ in
young adults. Appetite 2022, 178, 106260. [CrossRef]

92. Meule, A.; Gearhardt, A.N. Five years of the Yale Food Addiction Scale: Taking stock and moving forward. Curr. Addict. Rep.
2014, 1, 193–205. [CrossRef]

93. Hoover, L.V.; Yu, H.P.; Cummings, J.R.; Ferguson, S.G.; Gearhardt, A.N. Co-occurrence of food addiction, obesity, problematic
substance use, and parental history of problematic alcohol use. Psychol. Addict. Behav. 2023, 37, 928–935. [CrossRef]

94. Davis, C.; Levitan, R.D.; Kaplan, A.S.; Kennedy, J.L.; Carter, J.C. Food cravings, appetite, and snack-food consumption in response
to a psychomotor stimulant drug: The moderating effect of “food-addiction”. Front. Psychol. 2014, 5, 403. [CrossRef] [PubMed]

95. Davis, C.; Loxton, N.J.; Levitan, R.D.; Kaplan, A.S.; Carter, J.C.; Kennedy, J.L. “Food addiction” and its association with a
dopaminergic multilocus genetic profile. Physiol. Behav. 2013, 118, 63–69. [CrossRef] [PubMed]

96. Wang, G.J.; Volkow, N.D.; Thanos, P.K.; Fowler, J.S. Similarity between obesity and drug addiction as assessed by neurofunctional
imaging: A concept review. J. Addict. Dis. 2004, 23, 39–53. [CrossRef] [PubMed]

97. Appelhans, B.M.; Woolf, K.; Pagoto, S.L.; Schneider, K.L.; Whited, M.C.; Liebman, R. Inhibiting food reward: Delay discounting,
food reward sensitivity, and palatable food intake in overweight and obese women. Obesity 2011, 19, 2175–2182. [CrossRef]

98. Berner, L.A.; Bocarsly, M.E.; Hoebel, B.G.; Avena, N.M. Pharmacological interventions for binge eating: Lessons from animal
models, current treatments, and future directions. Curr. Pharm. Des. 2011, 17, 1180–1187. [CrossRef]

99. Blumenthal, D.M.; Gold, M.S. Neurobiology of food addiction. Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 359–365. [CrossRef]
100. Cabou, C.; Burcelin, R. GLP-1, the gut-brain, and brain-periphery axes. Rev. Diabet. Stud. 2011, 8, 418–431. [CrossRef]
101. Jensterle, M.; Rizzo, M.; Haluzík, M.; Janež, A. Efficacy of GLP-1 RA approved for weight management in patients with or

without diabetes: A narrative review. Adv. Ther. 2022, 39, 2452–2467. [CrossRef]
102. Corwin, R.L.; Wojnicki, F.H. Baclofen, raclopride, and naltrexone differentially affect intake of fat and sucrose under limited

access conditions. Behav. Pharmacol. 2009, 20, 537–548. [CrossRef]
103. Baker, R.W.; Osman, J.; Bodnar, R.J. Differential actions of dopamine receptor antagonism in rats upon food intake elicited by

either mercaptoacetate or exposure to a palatable high-fat diet. Pharmacol. Biochem. Behav. 2001, 69, 201–208. [CrossRef]
104. Rao, R.E.; Wojnicki, F.H.; Coupland, J.; Ghosh, S.; Corwin, R.L. Baclofen, raclopride, and naltrexone differentially reduce solid fat

emulsion intake under limited access conditions. Pharmacol. Biochem. Behav. 2008, 89, 581–590. [CrossRef]
105. Wong, K.J.; Wojnicki, F.H.; Corwin, R.L. Baclofen, raclopride, and naltrexone differentially affect intake of fat/sucrose mixtures

under limited access conditions. Pharmacol. Biochem. Behav. 2009, 92, 528–536. [CrossRef] [PubMed]
106. Krystal, J.H.; Cramer, J.A.; Krol, W.F.; Kirk, G.F.; Rosenheck, R.A. Veterans Affairs Naltrexone Cooperative Study G. Naltrexone in

the treatment of alcohol dependence. N. Engl. J. Med. 2001, 345, 1734–1739. [CrossRef] [PubMed]
107. Naleid, A.M.; Grace, M.K.; Chimukangara, M.; Billington, C.J.; Levine, A.S. Paraventricular opioids alter intake of high-fat but

not high-sucrose diet depending on diet preference in a binge model of feeding. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007,
293, R99–R105. [CrossRef] [PubMed]

108. Carbone, E.A.; Caroleo, M.; Rania, M.; Calabrò, G.; Staltari, F.A.; de Filippis, R.; Aloi, M.; Condoleo, F.; Arturi, F.; Segura-Garcia,
C. An open-label trial on the efficacy and tolerability of naltrexone/bupropion SR for treating altered eating behaviours and
weight loss in binge eating disorder. Eat. Weight Disord. 2021, 26, 779–788. [CrossRef] [PubMed]

109. Tammela, L.I.; Rissanen, A.; Kuikka, J.T.; Karhunen, L.J.; Repo-Tiihonen, E.; Naukkarinen, H.; Vanninen, E.; Tiihonen, J.; Uusitupa,
M.; Bergström, K.A. Treatment improves serotonin transporter binding and reduces binge eating. Psychopharmacology 2003, 170,
89–93. [CrossRef]

110. Milano, W.; Petrella, C.; Casella, A.; Capasso, A.; Carrino, S.; Milano, L. Use of sibutramine, an inhibitor of the reuptake of
serotonin and noradrenaline, in the treatment of binge eating disorder: A placebo-controlled study. Adv. Ther. 2005, 22, 25–31.
[CrossRef]

111. Carroll, M.E.; Lac, S.T.; Asencio, M.; Kragh, R. Fluoxetine reduces intravenous cocaine self-administration in rats. Pharmacol.
Biochem. Behav. 1990, 35, 237–244. [CrossRef]

112. Lawrence, A.J.; Cowen, M.S.; Yang, H.J.; Chen, F.; Oldfield, B. The orexin system regulates alcohol-seeking in rats. Br. J. Pharmacol.
2006, 148, 752–759. [CrossRef]

113. Smart, D.; Haynes, A.C.; Williams, G.; Arch, J.R. Orexins and the treatment of obesity. Eur. J. Pharmacol. 2002, 440, 199–212.
[CrossRef]

114. Marazziti, D.; Rossi, L.; Baroni, S.; Consoli, G.; Hollander, E.; Catena-Dell’Osso, M. Novel treatment options of binge eating
disorder. Curr. Med. Chem. 2011, 18, 5159–5164. [CrossRef] [PubMed]

https://doi.org/10.1016/0091-3057(95)02078-0
https://doi.org/10.1016/j.physbeh.2008.01.008
https://doi.org/10.1016/j.pbb.2007.04.005
https://doi.org/10.1371/journal.pone.0117959
https://doi.org/10.1016/j.appet.2022.106260
https://doi.org/10.1007/s40429-014-0021-z
https://doi.org/10.1037/adb0000870
https://doi.org/10.3389/fpsyg.2014.00403
https://www.ncbi.nlm.nih.gov/pubmed/24847301
https://doi.org/10.1016/j.physbeh.2013.05.014
https://www.ncbi.nlm.nih.gov/pubmed/23680433
https://doi.org/10.1300/J069v23n03_04
https://www.ncbi.nlm.nih.gov/pubmed/15256343
https://doi.org/10.1038/oby.2011.57
https://doi.org/10.2174/138161211795656774
https://doi.org/10.1097/MCO.0b013e32833ad4d4
https://doi.org/10.1900/RDS.2011.8.418
https://doi.org/10.1007/s12325-022-02153-x
https://doi.org/10.1097/FBP.0b013e3283313168
https://doi.org/10.1016/S0091-3057(01)00528-7
https://doi.org/10.1016/j.pbb.2008.02.013
https://doi.org/10.1016/j.pbb.2009.02.002
https://www.ncbi.nlm.nih.gov/pubmed/19217918
https://doi.org/10.1056/NEJMoa011127
https://www.ncbi.nlm.nih.gov/pubmed/11742047
https://doi.org/10.1152/ajpregu.00675.2006
https://www.ncbi.nlm.nih.gov/pubmed/17428895
https://doi.org/10.1007/s40519-020-00910-x
https://www.ncbi.nlm.nih.gov/pubmed/32356145
https://doi.org/10.1007/s00213-003-1519-6
https://doi.org/10.1007/BF02850181
https://doi.org/10.1016/0091-3057(90)90232-7
https://doi.org/10.1038/sj.bjp.0706789
https://doi.org/10.1016/S0014-2999(02)01429-2
https://doi.org/10.2174/092986711797636045
https://www.ncbi.nlm.nih.gov/pubmed/22050761


Brain Sci. 2024, 14, 952 19 of 19

115. Mason, S.M.; Flint, A.J.; Roberts, A.L.; Agnew-Blais, J.; Koenen, K.C.; Rich-Edwards, J.W. Posttraumatic stress disorder symptoms
and food addiction in women by timing and type of trauma exposure. JAMA Psychiatry 2014, 71, 1271–1278. [CrossRef] [PubMed]

116. Brewerton, T.D. Food addiction as a proxy for eating disorder and obesity severity, trauma history, PTSD symptoms, and
comorbidity. Eat. Weight Disord. 2017, 22, 241–247. [CrossRef] [PubMed]

117. Minhas, M.; Murphy, C.M.; Balodis, I.M.; Samokhvalov, A.V.; MacKillop, J. Food addiction in a large community sample of
Canadian adults: Prevalence and relationship with obesity, body composition, quality of life and impulsivity. Addiction 2021, 116,
2870–2879. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1001/jamapsychiatry.2014.1208
https://www.ncbi.nlm.nih.gov/pubmed/25230359
https://doi.org/10.1007/s40519-016-0355-8
https://www.ncbi.nlm.nih.gov/pubmed/28361213
https://doi.org/10.1111/add.15446

	Introduction 
	Definitions 
	Highly Processed and Ultra-Processed Food 
	Substance Use Disorder 
	Food Addiction 

	Animal Studies Relevant to Food Addiction 
	Bingeing 
	Withdrawal 
	Craving 
	Sensitization and Cross-Sensitization to Psychostimulant Drugs and Alcohol 

	Neurochemical Commonalities between Drug Self-Administration and Hedonic Eating  
	Mesolimbic Dopamine System 
	Endogenous Opioids and Receptors 
	Orexin 
	Acetylcholine and the Dopamine–Acetylcholine Balance 

	Serotonin 
	Discussion and Clinical Treatment 
	Dopamine 
	Opioids 
	Serotonin 
	Orexin 
	Ineffective Pharmacological Treatment 
	Non-Pharmacological Treatment 

	Conclusions 
	Future Directions for Research 
	References

