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Abstract

Background/Objectives: The rates of obesity and binge-eating disorder (BED) have in-
creased markedly over the last few decades. The onset of these conditions has been
associated in part with the disruption of neural pathways that regulate food reward. Ex-
isting literature has implicated the endogenous opioid system as an important mediator
of pleasure and reinforcing behaviors associated with food intake. While the relationship
between opioids and food intake has been studied extensively, how dysregulated opioid
signaling contributes to compulsive eating still remains unclear. Therefore, the aim of this
review is to analyze the role of opioid peptides and receptors, and their interactions with
dopamine in hedonic feeding. Methods: We conducted a narrative review of preclinical
and clinical trials, incorporating studies that were relevant to opioid-mediated feeding
and food reward. Results: 3-endorphins appear to modulate the hedonic value of food,
but their effects appear to be context-dependent. Enkephalins may influence motivational
drive toward food, while nociceptin signaling has been linked to the preferential consump-
tion of palatable foods under binge-like conditions. Consistent with these findings, NOP
antagonism has been reported to reduce binge-like intake of a high-fat diet (HFD) without
affecting homeostatic eating patterns. Lastly, chronic mu-opioid receptor (MOP) activation
by palatable foods may induce neuroadaptive changes, including receptor desensitization,
dopamine D2 receptor downregulation, and reward hypofunctionality, which overlap with
mechanisms associated with substance use disorders. Conclusions: Altered MOP signal-
ing may disrupt the hedonic and behavioral mechanisms that regulate feeding behavior.
Pharmacological therapies targeting opioid and opioid-dopamine interactions may show
promise for treating obesity and BED. However, additional research is still needed to clarify
peptide-specific mechanisms, sex differences, and long-term neurobiological consequences
associated with hedonic and compulsive eating.

Keywords: binge-eating; obesity; food reward; opioid peptides; opioid receptors;
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1. Introduction

The global prevalence of obesity and binge-eating has increased markedly over the
last three decades, with obesity rates surging by 27.5% in adults and 47.1% in children [1,2].
This increasing trend poses a significant public health challenge, given the association of
obesity with other metabolic, cardiovascular, and psychiatric comorbidities [3]. Although
genetic predisposition is a contributing factor to individual susceptibility to obesity, with
studies estimating its heritability to be between 40% and 70%, food intake and dysregulated
eating patterns are commonly associated with the development of these conditions [4,5]. It
has been shown that palatable food consumption activates neural pathways that modulate
satiety and food reward [6]. More specifically, recent studies suggest that high-fat and
high-sugar diets may overstimulate hedonic neural circuits, which are involved food
intake for pleasure rather than metabolic need [7-9]. Continuous stimulation of these
hedonic pathways may be associated with excessive caloric intake and compulsive eating
behaviors [10].

The endogenous opioid system, consisting of opioid peptides and receptors, regulates
various hedonic and motivational processes. Endogenous opioid peptides interact with
four main G-protein-coupled receptors to exert their effects: mu-opioid receptors (MOP),
kappa-opioid receptors (KOP), delta-opioid receptors (DOP), and nociceptin opioid peptide
receptor (NOP) [11,12]. While all four play an important role in regulating opioid signaling,
MOPs have received the most attention in reward and addiction research due to their high
expression in mesolimbic regions and strong association with the reinforcing properties of
drugs and palatable foods. 3-endorphins and enkephalins bind to MOPs with high affinity,
whereas dynorphins preferentially activate KOPs [13,14]. In contrast with MOPs, KOP
activation has generally been associated with promoting aversive behaviors and dysphoria,
functioning as a mechanism that counteracts the hedonic effects mediated by MOPs [15-17].
DOPs, primarily activated by enkephalins, are important mediators of mood and analgesia,
but appear to be less central to reward processing [18]. In addition to the classical opioid
receptors, NOP, which is exclusively activated by nociceptin, has emerged as another
potential regulator of feeding-related behaviors. Although NOPs have not gained much
attention in the context of food addiction and reward, emerging evidence suggests that
they may play a unique role in binge-eating and stress-induced feeding [19,20].

In the context of feeding, the endogenous opioid system appears to modulate the
hedonic value of food through activation of mainly the MOPs [21,22]. Endogenous opi-
oid peptides, including p-endorphins and enkephalins, act on MOPs to amplify reward
signaling within the mesolimbic and cortical regions of the brain [23]. Activation of MOR
signaling has also been linked with behaviors associated with pleasure [24,25]. However,
continuous MOP activation has been associated with molecular neuroadaptations at the
synaptic and circuit level, including but not limited to altered intracellular signaling cas-
cades, receptor desensitization and downregulation, which may contribute to reduced
inhibitory control [26-29]. These adaptations share similarities with those of substance use
disorders, particularly opioid addiction.

Although the role of opioid signaling in food reward has been studied in numerous
preclinical and clinical settings, a comprehensive synthesis of how dysregulated opioid sig-
naling contributes to compulsive eating remains limited. This review consolidates current
evidence on the downstream effects associated with abnormal opioid signaling in the con-
text of palatable food consumption. This review further examines the relationship between
opioid and dopamine signaling and discusses implications for potential pharmacological
targets and interventions for obesity and binge-eating.
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2. Materials and Methods

This review consolidates existing literature and studies from PubMed and Google
Scholar databases, using Boolean operators (AND, OR) to combine search terms. Searches
conducted combined the following terms using the aforementioned Boolean operators:
MOP, MOR, KOP, KOR, DOP, DOR, NOP, ORL-1, 3-endorphin, enkephalin, dynorphin,
nociceptin, POMC, proenkephalin, opioid peptide, mu-opioid receptor, opioid receptor
antagonist, naltrexone, naloxone, GSK1521498, food reward, binge-eating, binge-eating
disorder, hedonic feeding, homeostatic feeding, compulsive eating, palatable food, high-fat
diet, incentive salience, mesolimbic, nucleus accumbens, ventral tegmental area, dopamine,
D1 receptor, D2 receptor, GABA, reward hypofunctionality, place conditioning, PET imag-
ing, and obesity. The final literature search was conducted between June 2025 and April
2026, although this project initiated in early 2020s. A variety of studies were incorporated
into this narrative review, including but not limited to knockout mice models, human neu-
roimaging and PET imaging studies, clinical trials, behavioral animal models, optogenetic
studies, and place conditioning paradigm designs. In addition to primary research articles,
relevant review articles and comparative studies were also included to provide context.

The inclusion criteria included peer-reviewed articles published between 1981 and
2026, written in English, that discussed opioid peptides and receptors, food reward and
palatability, hedonic and homeostatic regulation, compulsive eating behaviors, and/or
opioid-dopamine interactions in humans and rodents. Exclusion criteria included articles
published prior to 1981, written in languages other than English, prior reviews not focusing
mainly on opioids and food intake/palatability or reward as well as opioids and compulsive
eating. We also excluded studies focusing solely on opioid signaling in addiction or
hedonic behaviors unrelated to food reward, and studies irrelevant to the objective of the
review, including but not limited to the role of opioids in obsessive-compulsive disorder.
Records retrieved from both databases were compiled with duplicate studies removed.
The reference lists of included articles and relevant reviews were also manually screened
to identify additional eligible studies to supplement our review. In total, we screened
approximately 225 publications, and 116 articles were ultimately included in this review.
Due to the narrative format of the review, we acknowledge the possibility of selection
bias in the inclusion and analysis of evidence presented in this paper. Thus, findings here
should be interpreted with caution. Selected articles were then analyzed for relevance
to the goal of the review and organized into the subsequent categories of this review.
Disagreements regarding article inclusion were resolved through discussion among the
authors until a consensus was achieved. All authors reviewed and agreed with the final set
of included articles.

3. Results

3.1. Regulation of Feeding Behavior
3.1.1. Homeostatic Feeding

Homeostatic feeding refers to the biological process by which energy intake is ad-
justed accordingly to meet metabolic demands and maintain long-term energy balance.
This system functions to prevent energy deficiency or excess by integrating peripheral
metabolic signals with central neural circuits that regulate hunger and satiety [30]. Dis-
tinct from hedonic feeding (described below), homeostatic feeding is primarily motivated
by physiological needs rather than food reward and is strictly governed by coordinated
endocrine and neural feedback mechanisms [31].

The hypothalamus serves as a central homeostatic regulator of food intake. The ar-
cuate nucleus (ARC), located in the mediobasal hypothalamus, contains two antagonistic
neuronal populations that regulate feeding behavior: (1) orexigenic neurons expressing
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neuropeptide Y (NPY) and agouti-related peptide (AgRP) and (2) anorexigenic neurons ex-
pressing proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript
(CART). Activation of NPY/AgRP neurons stimulates appetite and feeding; activation of
POMC/CART neurons suppresses food intake and enhances satiety [30,32].

As shown below (Figure 1), peripheral metabolic hormones also provide continuous
feedback to the hypothalamic circuits in relation to the body’s energy state. Leptin acts as
a signal of satiety by inhibiting NPY/AgRP neurons and activating POMC neurons [33].
Insulin exerts similar anorexigenic effects and reflects both acute nutrient availability and
chronic energy balance. Ghrelin, conversely, is secreted from the stomach and acts on these
neurons to stimulate hunger by activating orexigenic neurons within the ARC [34]. In
addition to the ARC, other hypothalamic nuclei contribute to the integration and execution
of homeostatic feeding responses through the paraventricular nucleus (PVN) and lateral
hypothalamus (LH). The PVN receives projections from ARC neurons and regulates auto-
nomic and neuroendocrine outputs that influence food intake and energy expenditure [35].
The LH coordinates arousal and initiates feeding through projections to the brainstem and
forebrain regions, enabling adaptive behavioral responses to metabolic signals [36,37].

Hypothalamus
@ D
Ghrelin ( NPY / AgRP (—) POMC / CART
Hunger Signal (+ )'L Orexigenic neurons boommmeesheneteneeeeeed | Anorexigenic neurons
—

A Y
1 Arcuate Nucleus (ARC)
.

Insulin (=) Leptin (+)
Nutrient status (=) Long-term satiety
-

(+) (+)
v \ 4
Lateral hypothalamus Paraventricular Nucleus
(LH) (PVN)
(+) (+)
v
Increased Food Intake Decreased Food intake
Arousal, feeding drive Neuroendocrine output
Energy Balance
Homeostatic regulation

Figure 1. A flowchart diagram showing neural circuits regulating homeostatic feeding. The ARC of
the hypothalamus contains antagonistic NPY/AgRP (orexigenic) and POMC/CART (anorexigenic)
neurons that integrate peripheral metabolic hormones that are either inhibitory (i.e., leptin and
insulin) or excitatory (i.e., ghrelin). Downstream projections to LH and PVN translate these signals
into feeding behavior and neuroendocrine outputs that maintain homeostatic energy balance. Dashed
lines indicate indirect projections. Abbreviations: ARC, arcuate nucleus; AgRP, agouti-related peptide;
CART, cocaine- and amphetamine-regulated transcript; LH, lateral hypothalamus; NPY, neuropeptide
Y; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus.
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While the homeostatic feeding system is highly conserved, it is susceptible to dys-
regulation under conditions of chronic caloric excess. Sustained exposure to high-fat or
high-sugar diets can impair sensitivity to satiety signals in the hypothalamus. This dimin-
ished sensitivity to satiety signals weakens inhibitory control over orexigenic pathways,
leading to excessive food intake despite sufficient energy reserves [38,39].

3.1.2. Hedonic Feeding

Hedonic feeding is characterized by food consumption driven by pleasure rather than
physiological energy needs. While early models of palatability framed hedonic eating as
a response to underlying nutritional deficits associated with homeostatic feeding, these
models overlook the frequent overconsumption of highly palatable foods in the absence of
physiological hunger. Current studies now suggest that palatability operates as a partially
independent hedonic system, capable of stimulating food intake despite low homeostatic
need and, in some cases, exerting its strongest effects under conditions of satiety [40,41].

The hedonic feeding framework can be distinguished into two components: (1) “liking,”
the pleasurable impact of food consumption and (2) “wanting,” the motivational drive
to obtain and consume. These components function through overlapping but distinct
neural circuits, allowing motivation to increase independently of the pleasure derived
from food. Such dissociations help explain why palatable foods may elicit robust cue-
driven intake within hedonic contexts, even when subjective enjoyment does not increase
proportionally [42].

The mesolimbic circuitry governs hedonic feeding (Figure 2). The various hedonic
opioid-mediated effects converge within the mesolimbic reward circuitry, originating in
the ventral tegmental area (VTA) and projecting to the nucleus accumbens (NAc), and
connected cortical regions [43]. Within the NAc, MOP activation within the medial shell
enhances palatable food intake by selectively increasing hedonic impact, while indirectly
modulating dopaminergic output from the VTA to strengthen incentive motivation [44].
Hedonic hotspots, defined as the localized subregions capable of amplifying the pleasure
derived from palatable tastes, have been identified in the medial shell of the NAc and the
ventral pallidum, with additional contributions from the cortical and brainstem regions
involved with reward processing. These hotspots are particularly sensitive to opioid
signaling and modulate the “liking” aspect of food rather than metabolic needs [45]. More
importantly, this circuitry overlaps substantially with pathways implicated in substance
use disorders, suggesting shared neurobiological mechanisms underlying compulsive
consumption [42]. As a result, hedonic eating is increasingly understood as the predictable
output of neural systems designed to prioritize pleasure and reinforcement, contributing to
compulsive eating behaviors.

This liking /wanting distinction is a useful organizing heuristic, but the mapping of
dopamine onto “wanting” and opioid peptides onto “liking” is more sharply drawn in
summary than the underlying circuitry supports. Direct electrophysiological dissociation
of these components in the NAc and ventral pallidum shows a clear divergence. Intra-
accumbens opioid stimulation enhances both hedonic “liking” reactions and incentive
salience-related neural firing to reward-predictive cues. In contrast, dopamine stimula-
tion in the same circuit selectively enhances incentive salience without altering hedonic
impact [46]. Opioid signaling therefore contributes to both the hedonic and motivational
components of food reward rather than being confined to liking alone, consistent with the
enkephalin-related motivational deficits and the MOP-dependent effects on anticipatory
food seeking described in Sections 3.2.2 and 3.3.1. Dopamine, by contrast, does appear to
be more consistently and selectively tied to incentive salience: across pharmacological and
lesion studies, dopamine has repeatedly been found to be neither necessary nor sufficient
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to produce changes in hedonic liking for sensory pleasures, even though it reliably shapes
cue-triggered wanting [47]. The liking/wanting framework therefore remains useful for
interpreting opioid-dopamine interactions in food reward, provided it is interpreted as a
difference in degree and relative specialization between the two systems rather than a strict
double dissociation.

High palatability (fat, sugar)

Mesolimbic Reward Circuitry

‘ Palatable food stimulus J

__________ ~ Ventral tegmental area (VTA)
E Dopaminergic neurons - reward prediction

ol =

o 8.3

2] 28

2! g J

e

2: Nucleus Accumbens (NAc)

"Wanting" - NAc core "Liking" - NAc medial shell Ventral pallidum
Incentive salience, DA-driven, MOR activation MOR:-sensitive hotspot
cue-triggered food secking

\ 4
Prefrontal cortex .
Brainstem

Cue-driven intake control inhibitory
regulation

\ /

’ Compulsive eating ’

Taste palatability coding

Pleasure-driven, overrides homeostasis

Figure 2. Mesolimbic circuitry governing hedonic feeding. Palatable food activates dopaminergic
neurons in the VTA, projecting to the nucleus accumbens (NAc). The NAc core mediates “wanting”
via dopamine-driven, cue-triggered food seeking, while the NAc medial shell and ventral pallidum
act as mu-opioid receptor (MOP)-sensitive hedonic hotspots that enhance “liking.” Signals from these
regions interact with the prefrontal cortex (inhibitory control) and brainstem (taste processing) to
drive intake. Dysregulation of this circuit promotes compulsive, pleasure-driven eating that overrides
homeostatic regulation.

3.2. Endogenous Opioid System in Food Reward
3.2.1. Opioid Peptides and Receptor Subtypes

Beyond its well-established role in analgesia, the endogenous opioid system plays
an important part in reward processing and reinforcement. This system consists of four
distinct opioid peptide families: 3-endorphins, enkephalins, dynorphins, and nociceptin.
Each family is derived from distinct precursor proteins and exhibits different distributions
throughout the brain. Of these, 3-endorphins have been most strongly implicated in food
reward and hedonic feeding. The peptide is cleaved from its precursor protein proopi-
omelanocortin (POMC), which is predominantly expressed in neurons of the ARC [48,49].
From the ARC, p-endorphin-synthesizing neurons send projections to several nodes of the
mesolimbic system that regulate food reward, including the NAc, VTA, and amygdala [50].
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This neuroanatomical arrangement allows {3-endorphin to directly modulate the neuro-
circuitry responsible for motivation and reward. Recent single-cell transcriptomic and
intersectional genetic studies indicate that POMC neurons are not a uniform population
but comprise molecularly and functionally distinct subpopulations. Within the ARC,
POMC neurons segregate into largely non-overlapping leptin receptor-expressing and
glucagon-like peptide-1 (GLP-1) receptor-expressing clusters that differ in their basic elec-
trophysiological properties [48,51]. Other subsets are distinguished by the expression of
GABAergic or glutamatergic markers, or co-expression of both, raising the possibility that
individual POMC subpopulations engage distinct postsynaptic circuits despite arising from
a shared precursor protein [51]. POMC neurons outside the ARC, including a population
in the nucleus of the solitary tract, act on markedly different timescales than their arcuate
counterparts, suppressing feeding within minutes rather than requiring sustained activa-
tion over hours [51]. This spatial and molecular heterogeneity suggests that the behavioral
output of POMC activation, and by extension (3-endorphin release, likely depends on which
POMC subpopulation is engaged rather than reflecting a single, unified hedonic signal.
Identifying which POMC subpopulations specifically project to mesolimbic reward circuitry
will be an important next step for clarifying the food-reward effects discussed above.

Enkephalins, derived from proenkephalin, are more widely distributed throughout
the central nervous system, found in high concentrations in the striatum, amygdala, and
hypothalamus [13,52]. Unlike -endorphin, which originates from the discrete population
of ARC POMC neurons, enkephalinergic neurons are broadly expressed, allowing for
more widespread modulation of reward and affective states [53]. Dynorphins, derived
from prodynorphin, are localized in the hypothalamus, striatum, and hippocampus [54].
Interestingly, studies have shown that dynorphins counteract the rewarding effects of other
opioid peptides and have been associated with dysphoria and aversive responses [15,16].
Different from the other three opioid peptides, nociceptin exclusively acts on NOPs. It is
derived from pronociceptin, and cells expressing the precursor, especially in the central
amygdala, have projections extending to ventral bed nucleus of the stria terminalis (vBNST),
parabrachial nucleus (PBN), and nucleus of the solitary tract (NTS), which produce reward
behavior in the context of food intake and food reward [55]. Taken together, these intricacies
of the endogenous opioid system provide valuable insight into the regulation of food
reward and the development of addiction-like behaviors.

3.2.2. 3-Endorphins, Enkephalins, and Palatable Food Intake

Early evidence for the role of -endorphins in food reward emerges from studies
examining taste-induced opioid release. Yamamoto and colleagues found that the ingestion
of palatable solutions like sucrose and saccharine by Wistar rats significantly increased
B-endorphin levels in both cerebrospinal fluid and plasma. In contrast, aversive solutions
produced weaker and inconsistent effects. More importantly, the attenuation of sucrose-
induced B-endorphin release following a glossopharyngeal nerve transection suggests that
gustatory input, rather than post-ingestive metabolic signaling, is a primary trigger for
the release of the endogenous opioid peptide. This frames 3-endorphins as mediators
of taste-driven reward rather than caloric detection, supporting their role in enhancing
hedonic value and reinforcing reward-driven feeding [56].

However, when B-endorphins are examined in the context of obesity and chronic
alterations of feeding, their role in contributing to overeating becomes less clear. Guinion
and Peters investigated multiple models of experimental obesity and found that opioid
receptor antagonism by naloxone suppressed food intake similarly across treatment groups,
regardless of obesity status or hypothalamic manipulation. Furthermore, pituitary f3-
endorphin levels were largely unchanged by the development of obesity, except in animals
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rendered obese through long-term exposure to palatable diets. However, it is important to
note that as a peripheral measure, pituitary 3-endorphin levels do not necessarily reflect
the activity within the mesolimbic reward circuitry, which is more closely implicated in
hedonic feeding. Nonetheless, the lack of a generalized increase in 3-endorphin levels
further weakens the causal relationship between (-endorphins and obesity. Instead, they
suggest that elevated 3-endorphin activity may be a downstream adaptation to repeated
palatable food exposure. This difference in findings is especially important to consider
regarding the relationship between 3-endorphins, binge-eating behaviors, and obesity [57].
However, it is worthwhile noting that mice lacking 3-endorphin have been reported to
have higher body weight than their wild-type controls [58]. Thus, further studies are
needed to characterize the underlying mechanisms of the increased body weight in mice
lacking B-endorphin and delineate the role of 3-endorphin in glucose homeostasis and
diet-induced obesity.

Further insight into the sensory mechanisms underlying (3-endorphin activation
comes from Matsumura and colleagues, who showed that dietary fat ingestion activated f3-
endorphin-producing neurons in the hypothalamus, but only when taste pathways remain
intact. The lack of neural activation following direct gastric fat administration highlights
the importance of oral sensory stimulation in engaging 3-endorphin circuits. Together with
Yamamoto’s findings, this suggests that 3-endorphins respond preferentially to the hedonic
sensory properties of food, rather than to macronutrient content alone. This has important
implications for binge-eating, where consumption is often driven by highly palatable foods
rich in fat or sugar rather than by homeostatic energy needs [59]. We have recently shown
that mice lacking -endorphin exhibit reduced binge-eating [60]. However, further research
is needed to identify the circuit and brain regions involved in this response.

The functional specificity of 3-endorphins becomes more apparent when compared
with other endogenous opioids. Mendez and colleagues provide a direct comparison
between (-endorphin and enkephalin signaling, revealing their distinct roles in feeding
behavior. Enkephalin-deficient mice showed reduced motivation for feeding, while 3-
endorphin-deficient mice displayed changes in palatability-related licking behavior under
conditions of deprivation. These results suggest that 3-endorphins selectively enhance the
hedonic value of food under conditions of increased reward, such as hunger or exposure
to highly palatable foods, whereas enkephalin signaling appears to be more involved in
sustaining motivational drive towards food. This differentiation within the opioid system
provides a possible explanation as to why opioid antagonism can produce inconsistent
effects on feeding and why binge-eating cannot be defined by a single neurochemical
pathway alone [61].

Recent work by Tolentino and colleagues challenges the role of 3-endorphins in
binge-eating. Interestingly, mice lacking (-endorphins did not differ from controls in
baseline intake, deprivation-induced feeding, or binge-like consumption. This suggests
that experience-dependent processes such as learning or habit formation, along with other
neurochemical systems, may override 3-endorphin signaling in driving compulsive eating
behaviors [62]. These findings suggest that 3-endorphins may not be required for the
development of binge-eating behaviors but instead function to regulate the hedonic value
of food.

These findings appear inconsistent with studies reporting reduced binge-eating and
impaired food reward in mice lacking 3-endorphin [60]. However, rather than indicating
that one set of findings is incorrect, these differences are likely to reflect variations in
data analysis. In the former study by Tolentino and colleagues [62], the raw data were
used. On the other hand, in the latter work by Era et al. [62], the body weight of the
mice was considered and the data were converted as calorie intake per gram of body
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weight of the mice, as male mice lacking 3-endorphin gain more weight compared to their
adult wild-type counterparts [58]. However, food reward was not assessed in the former
study to compare to the latter study. Thus, several methodological factors may add to
these discrepancies.

Variation in dietary protocols may also influence the extent to which 3-endorphin
signaling contributes to feeding behavior. Differences in dietary composition, duration
of high-fat diet exposure, and prior experience with palatable foods can alter reward
circuits and create distinct behavior outcomes. Studies have shown that chronic expo-
sure to highly palatable diets induces neuroadaptations within opioid-sensitive reward
pathways, potentially modifying the contribution of 3-endorphin to subsequent feeding
behavior [57,60,62]. Likewise, differences in feeding schedules or food restriction proto-
cols may change the contributions of homeostatic and hedonic mechanisms, resulting in
different behavioral phenotypes across studies. Consequently, the effects of 3-endorphin
deficiency may become more apparent under conditions of prolonged dietary exposure or
heightened reward salience.

Moreover, interpretation of findings from constitutive knockout models should be
approached with caution. Lifelong absence of 3-endorphin may lead to developmental
compensation by other neurochemical systems involved in feeding and reward regula-
tion. Such compensatory adaptations could mask or alter the behavioral consequences of
-endorphin deficiency and may contribute to differences across observed studies. Addi-
tional biological variables, including mouse genetic background, age, sex, and behavioral
testing procedures, may further influence experimental outcomes and complicate direct
comparisons between studies. These factors emphasize the importance of considering
methodological differences when interpreting conflicting findings in literature.

Notably, male 3-endorphin-deficient mice have been reported to exhibit increased
body weight relative to their wild-type controls [58], despite evidence of reduced food
reward and, in some studies, reduced binge-eating [60]. This observation suggests that
-endorphins may influence metabolic regulation through mechanisms that extend beyond
hedonic feeding. Consistent with this possibility, alterations in glucose homeostasis have
also been reported following disruption of 3-endorphin signaling (Tolentino and Lutfy,
unpublished data). Therefore, differences in metabolic phenotype and feeding behavior
may reflect distinct physiological functions of 3-endorphin that are not always captured
by individual behavioral paradigms. Future studies using inducible or region-specific
knockout models may help distinguish the direct effects of 3-endorphin signaling from
developmental adaptations and further clarify its role in feeding and metabolism.

Taken together, the current evidence suggests that 3-endorphins are most consistently
involved in the hedonic and sensory aspects of feeding, particularly in response to palatable
tastes and fats, rather than serving as primary determinants of overall food intake. Their
effects appear highly context-dependent and are influenced by experimental design, dietary
history, metabolic state, and compensatory adaptations. While 3-endorphins contribute
to food reward and reinforcement, current evidence does not support a singular or indis-
pensable role for them in the development of compulsive eating. In contrast, enkephalins
have been more strongly associated with modulating the motivational drive to obtain
food. Together, these distinctions highlight the functional heterogeneity within the en-
dogenous opioid system in regulating food reward. Indeed, we have recently reported
that enkephalins may be involved in glucose homeostasis following the development of
diet-induced obesity in mice [63] but not binge-eating or food reward [60].

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741

10 of 23

3.2.3. Nociceptin Signaling

Existing behavioral evidence suggests that nociceptin signaling may differentially
regulate the motivational and hedonic aspects of feeding behavior. Mendez and colleagues
found that intracerebroventricular (ICV) administration of nociceptin increased the number
of licking bouts for sucrose and sucralose in wild-type mice, an effect which was absent
in NOP knockout mice. These findings support that nociceptin signaling may regulate
the initiation of hedonic food consumption, as increased number of licking bouts is as-
sociated with increased motivational behavior [64]. Although the mechanism by which
nociceptin signaling affects food intake is not fully delineated, researchers have proposed
that nociceptin may inhibit anorexigenic POMC neurons in the ARC [65,66].

Not only does exogenous nociceptin regulate food intake, but studies have shown
that endogenous nociceptin may also be involved in this process. Farhang and colleagues
showed that under fasting conditions, NOP knockouts showed reduced meal duration and
portion sizes, compared to wild-type mice [65]. Additional pharmacological evidence also
implicates nociceptin signaling in palatability-driven hyperphagia. Using an intermittent
HFD access model, Hardaway and colleagues found that administration of a selective
NOP antagonist, SB-612111 significantly reduced binge-like HFD intake in both male
and female mice without altering their 24 h food intake. In contrast to fluoxetine, NOP
antagonism selectively reduced palatable food consumption, suggesting that NOP signaling
may preferentially modulate hedonic feeding rather than homeostatic food intake [19,67].
S5B-612111 administration also reduced short-term consumption of HFD in male mice,
which further reinforces the role of nociceptin in palatability-driven hyperphagia. Similarly,
Statnick and colleagues found that another selective NOP antagonist, LY2940094 reduced
fasting-induced feeding in mice, an effect that was not observed in NOP knockout mice. In
separate rat models, LY2940094 attenuated overconsumption of palatable high-energy foods
in lean rats and reduced body weight regain after a 30% caloric restriction. Collectively,
Statnick’s rat and mice models support the idea that the reductions observed in feeding
were attributed to NOP antagonism rather than other general, nonspecific effects [68].

Hardaway and colleagues also showed that nociceptin signaling contributes to he-
donic feeding most prominently in the central amygdala. They identified a population of

CeA) that were activated

prepronociceptin-expressing neurons in the central amygdala (Pnoc
during HFD consumption. Experiments conducted found that these neurons were neces-
sary for both HFD intake and the development of HFD-induced increases in body weight
and adiposity. Similar to findings of Hardaway and colleagues in 2016, chemogenetic
inhibition of these neurons selectively reduced HFD consumption without significantly
altering homeostatic chow feeding, suggesting nociceptin’s involvement in hedonic rather
than homeostatic feeding. Interestingly, optogenetic activation of Pnoc®®* neurons and
their projections to the vBNST, PBN, and NTS produced reward-like behavior without
stimulating palatable food intake. Together, these findings support a model where en-
dogenous nociceptin signaling within the CeA contributes to the development of reward
reinforcement of palatable foods, but is not the sole driver of hedonic feeding [55].
However, not all studies examining the relationship between nociceptin and food
reward support its role in hedonic feeding. The function of nociceptin in feeding was
examined by Koizumi and colleagues using NOP knockout mice to differentiate between
its hedonic and homeostatic contributions to food intake. Under food restriction, NOP
knockout mice showed reduced preference for a high-sucrose diet and lower high-fat diet
intake under no-choice conditions. However, both effects disappeared entirely under ad
libitum feeding, suggesting that the NOP’s influence on diet selection primarily depends
on the homeostatic state rather than a stable change in palatability. In addition, conditioned
place preference to high-fat diet under food-deprived conditions was largely unchanged, in-
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dicating that NOP does not play a primary role in mediating the rewarding or motivational
properties of food. Instead, Koizumi and colleagues observed substantial disruptions in
body weight, plasma leptin, glucose, and insulin in the NOP knockout mice. These results
suggest that endogenous nociceptin may modulate diet selection as a part of homeostatic
feeding, independent of the hedonic properties of food [69].

Taken together, within the endogenous opioid system, the nociceptin system plays a
distinct role in feeding. Unlike -endorphin-mediated amplification of hedonic value or
enkephalin-mediated motivational drive, NOP receptor signaling appears to influence the
preferential consumption of palatable foods under binge-like or high-fat feeding conditions
through mechanisms that still are not completely understood. The finding that NOP
antagonism reduces binge-like HFD intake without affecting homeostatic feeding suggests
that the nociceptin system may be a potential pharmacological target for binge-eating
disorder. However, further research is needed to clarify the contributions of hedonic and
homeostatic processes to nociceptin’s role in feeding behavior.

3.2.4. Dynorphin/Kappa Opioid Receptor (KOP) System

Though dynorphin binding to KOPs generally produces aversive behaviors in rodents
and dysphoria in humans [15-17], studies have shown that dynorphin-like agonists and
KOP activation increase feeding in both hungry and satiated rats, suggesting that KOP-
mediated feeding occurs independently of energy state [70-74]. Likewise, KOP antagonists,
such as norbinaltorphimine, reduce KOP-mediated feeding responses [75,76]. Several stud-
ies have shown that the medial hypothalamus and VTA appear to be the brain regions that
mediate the orexigenic effects of dynorphin and other dynorphin-like peptides. Local injec-
tions of dynorphins into both the medial hypothalamus and VTA promote feeding [77,78].
Interestingly, Hamilton and Bozarth showed that dynorphin was 50,000 times more potent
than morphine in stimulating food intake, reinforcing the idea that dynorphin signaling
plays an important role in regulating feeding behavior [78]. However, despite numerous
studies that support a role for dynorphin/KOP system in feeding regulation, the specific
neural circuits and region-dependent mechanisms of these effects remain unclear. Likewise,
less is known about the role of this system in food reward and compulsive binge eating.
Thus, future studies need to be geared toward addressing the role of the dynorphin/KOP
in food reward, binge eating, and compulsive eating.

3.3. Opioid Dysregulation and Compulsive Eating
3.3.1. MOP Signaling and Binge-Eating Disorder

Dysregulation of MOP signaling has been increasingly deemed a key mechanism
linking repeated exposure to palatable foods to compulsive eating behaviors observed in
binge-eating disorder (BED) and obesity. Though endogenous opioids are important for
normal reward processing, chronic stimulation of this system by palatable foods may lead
to neuroadaptations that drive excessive food intake. Thus, rather than acting as primary
drivers under normal baseline conditions, changes in MOP signaling may contribute to the
development of compulsive eating behaviors. Indeed, we have shown that food reward
in the place conditioning paradigm was blunted in mice lacking MOP with prior HFD
exposure compared to their wild-type littermates [60]. In contrast, it did not differ between
naive mice lacking MOP and their wild-type littermates [79]. Together, these results
suggest that a somewhat sensitized system develops involving MOP in mice with prior
HEFD exposure. Thus, MOP represents a promising target for developing new therapeutic
treatments for compulsive eating behaviors.

Pharmacological evidence suggests that MOP signaling is more closely associated with
the motivation for palatable foods than with the regulation of baseline energy needs. In
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their preclinical study, Ignar and colleagues showed that treatment with the selective MOP
inverse agonist GSK1521498 reduced nocturnal feeding, lowered preference for sucrose,
and decreased the effort animals would exert to obtain palatable food. Interestingly, the
following effects were observed without eliminating feeding altogether, suggesting that
MOP antagonism selectively reduces the reinforcing value of palatable foods rather than
inducing nonspecific anorexia. These findings support that dysregulated MOP signaling
may contribute to excessive hedonic feeding by enhancing the motivational salience of
palatable foods [80].

Translational studies in humans further support a role for MOP signaling in the dys-
regulation of cue-driven feeding behavior. In individuals with binge-eating behaviors,
GSK1521498 reduced attentional bias toward food cues in a dose-dependent manner, with-
out impairing broader cognitive functions (e.g., working memory and sustained attention).
By reducing attentional capture by food cues, MOP antagonists may weaken the cue-driven
urges that are often attributed to the onset of binge episodes, suggesting that dysregulated
MOP signaling contributes to heightened cue reactivity in compulsive eating [81].

Animal models have been particularly useful in clarifying how MOP antagonism
affects the behavioral aspects of binge-eating. Direct comparisons between GSK1521498 and
naltrexone reveal that while both compounds reduce binge-like hyperphagia, GSK1521498
more effectively suppresses anticipatory food seeking. This distinction is significant, as
anticipatory responding reflects the learned and motivational components of binge-eating
rather than consumption itself. These findings suggest that MOP dysregulation may
preferentially contribute to the “wanting” component of feeding behavior rather than
“liking,” aligning binge-eating more closely with addiction-like processes than with simple
overeating [42,82].

Neuroimaging studies reinforce this dissociation between motivational drive and
hedonic experience. In individuals with binge-eating tendencies, G5K1521498 reduced
activation in reward-related regions, such as the pallidum and putamen, during exposure
to high-calorie food cues and decreased the effort required to obtain these cues. However,
participants continued to report similar or even increased liking of the foods. This dis-
sociation between motivational drive and hedonic experience mirrors patterns observed
in substance use disorders, where compulsive seeking persists despite reduced hedonic
reward. Such findings suggest that opioid dysregulation in BED may bias behavior toward
habitual, reward-seeking processes that are independent of hedonic pleasure [83].

Human PET imaging studies provide further evidence of MOP system alterations
in binge-eating and obesity. Reduced MOP availability has been observed in both BED
and morbid obesity, indicating either receptor downregulation due to chronic endogenous
opioid release or a preexisting vulnerability within the opioid system. Notably, the lack of
differences in MOP availability between BED and non-BED obese subjects suggests that
opioid dysregulation is not specific to BED but instead may reflect a shared neurobiological
consequence of repeated exposure to palatable foods. This raises important questions
about causality and highlights the need for longitudinal studies to determine whether MOP
alterations precede or follow disordered eating patterns [84].

Collectively, these findings suggest that MOP dysregulation does not simply increase
food intake but instead reshapes the motivational and cognitive processes that regulate
feeding behavior. Rather than directly driving hunger, altered opioid signaling appears
to enhance cue responsivity, anticipatory reward, and compulsive food seeking, while
leaving hedonic experience relatively intact. This dissociation has important implications
for treatment, suggesting that effective interventions may need to target maladaptive
motivational processes rather than hedonic enjoyment alone.
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3.3.2. Opioid-Dopamine Interactions

The reinforcing effects of palatable food arise from the close interactions between both
the endogenous opioid system and mesolimbic dopaminergic circuits. DA signaling from
the VTA to the NAc is primarily associated with motivation and reward anticipation [85].
In contrast, opioid peptides, particularly p-endorphins derived from POMC, enhance the
pleasurable component of food consumption [86], particularly in animals with prior HFD
exposure [60]. These systems operate in an integrated manner as shown by the direct
influence of activated MOPs on dopaminergic neuronal activity, altering DA release across
interconnected brain regions responsible for reward processing [87].

Within the VTA, opioids influence DA neuron excitability through both direct and
indirect mechanisms (Figure 3). MOPs are expressed on local GABA-ergic interneurons
in addition to subsets of DA neurons. Acute MOP activation disinhibits DA neurons by
suppressing GABAergic tone, thereby increasing DA release in downstream targets, such
as the NAc [88]. However, recent optogenetic evidence has shown that the activation of
ARC POMC neurons—major sources of 3-endorphin—can directly inhibit specific VTA
DA subpopulations via MOP signaling, indicating that opioid control of DA activity varies
by projection and context [89,90]. Thus, this raises the possibility that endogenous opioid
signaling plays a dual role in mesolimbic DA neurotransmission, either potentiating or sup-
pressing it depending on the underlying circuitry and physiological states, including stress
and metabolic imbalances. At the level of the NAc, opioids further regulate dopaminergic
tone by modulating presynaptic dopaminergic dynamics. Earlier in vivo neurochemical
studies suggest that 3-endorphin alters striatal DA handling, enhancing DA reuptake in an
opioid receptor-dependent manner [91]. The resulting DA activity in the NAc subsequently
influences food reward and intake through interactions between palatable food stimuli, DA
ligands, and different DA receptor subtypes within the mesolimbic reward circuitry.

DA release in the NAc encodes multiple, dissociable aspects of food-directed behavior
rather than a single motivational signal. Phasic DA release, occurring on a sub-second
timescale, is thought to encode a reward prediction error, the mismatch between expected
and received reward, and functions as a teaching signal that updates the learned value of
food-associated cues [92,93]. Tonic DA levels fluctuate over a slower timescale and appear
to track a more sustained representation of relative reward value that shapes ongoing moti-
vation and effort allocation. Fiber photometry and voltammetry studies have dissociated
these cue-evoked phasic transients from slower extracellular DA fluctuations, suggesting
they carry at least partially separable information [92]. Both signals converge on D1 and
D2 receptor-expressing medium spiny neurons (MSN) in the NAc. However, the classical
framework in which D1 activation is uniformly excitatory and reward-promoting while
D2 activation is uniformly inhibitory and aversive oversimplifies basal ganglia circuitry.
Unlike in the dorsal striatum, D1- and D2-MSNs in the NAc are not strictly segregated by
projection target, and both populations can drive reward or aversion depending on the
temporal pattern of their activity rather than on receptor identity alone [94,95]. D2 receptor
signaling is also regionally heterogeneous: D2 receptor-mediated currents show slower
kinetics and higher dopamine sensitivity in the NAc shell than in the dorsal striatum, a
regional difference that is itself altered by chronic drug exposure and may be similarly
susceptible to chronic palatable food exposure [96]. Considered together, these findings
suggest that the reward hypofunctionality attributed to D2 receptor downregulation after
repeated palatable food exposure is one component of a broader, dynamic, cell type- and
circuit-specific pattern of dopaminergic adaptation, rather than a simple loss of a single
inhibitory brake on feeding. Thus, dysregulated DA signaling, especially in cases of exces-
sive DA transmission, can disrupt normal hedonic processes. Upon repeated exposure to
elevated DA signaling and palatable foods, D2 receptors are downregulated and desen-
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sitized, leading to reward hypofunctionality and overconsumption to achieve the same
hedonic effects [97,98]. Furthermore, dysregulated opioid-DA coupling may potentially
amplify the hedonic valuation of energy-dense foods while progressively diminishing
homeostatic inhibitory control [99]. Interestingly, we have recently discovered that the
value of regular diet decreases following HFD exposure and this response is attenuated
in mice lacking MOP [60]. However, further research is needed to delineate the underly-
ing mechanisms of this alteration and identify the neuroanatomical site or the pathway
involved in this process.

Palatable food intake
Gustatory stimulation
(+ )l Dopamine reuptake
(+) [ ARC POMC neurons w T
Major source of B-endorphins
{ Projects to VTA & NAc J ( aF )
(+)
Ventral Tegmental Area (VTA) Nucleus Accumbens (NAc)
GABAergic interneurons D1 dopamine receptors
Express MORs on their surface Excitatory signaling - reward-seeking
MOR activation - decreases GABAergic tone Promotes motivation & energy expenditure
s
GABA Inhibition via MOR £|(+)

a
£
£

VTA dopamine neurons § D2 dopamine receptors

Released from GABA suppression Inhibitory control over reward processing
Increase in dopamine signaling Reduce food intake & behavioral output
Dopamine projection
Subset also directly inhibited by B-endorphins ( =+ ) Desensitized & downregulated D2 receptors
via MOR (context-dependent) drive reward hypofunctionality
Maladaptive N daptations from Opioid-Dopamine Interactions
{ Dopamine sensitivity 1 Reward threshold 1 D2R expression

Amplified food reward & hedonic valuation
Diminished homeostatic inhibitory control

Figure 3. A simplified flowchart diagram of the impact of palatable food intake on dopamine signaling
in the mesolimbic reward circuitry. Palatable food stimuli promote the release of 3-endorphins by
ARC POMC neurons, which project to the VTA. In the VTA, 3-endorphins bind to MOPs expressed
on GABAergic interneurons, resulting in MOP-receptor-mediated GABA inhibition. This results
in the disinhibition of VTA dopamine neurons, which increases dopamine signaling to the NAc.
However, a small subset of VTA dopamine neurons is inhibited directly by -endorphins through
MOPs, indicating that opioid regulation of dopamine neurons is projection-specific and bidirectional
rather than solely excitatory. Nonetheless, the general increase in dopamine signaling is relayed
to the NAc, where dopamine D1 activation promotes reward-seeking, excitatory signaling and
energy expenditure, and dopamine D2 receptor activation provides inhibitory control over hedonic
processing and food intake. With chronic stimulation from palatable food intake, D2 receptors become
desensitized and downregulated, which contributes to reward hypofunctionality and diminished
homeostatic inhibitory control. Abbreviations: ARC, arcuate nucleus; D2R, dopamine D2 receptor;
GABA, gamma-aminobutyric acid; MOP, mu-opioid receptor; NAc, nucleus accumbens; POMC,
proopiomelanocortin; VTA, ventral tegmental area.

Taken together, chronic overstimulation of MOPs within mesolimbic hedonic circuits
can lead to maladaptive dopaminergic adaptations, including but not limited to, alterations
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in DA sensitivity, lower reward thresholds, and excessive intake to achieve equivalent
hedonic effects [100]. Consequently, dysregulated opioid modulation of dopaminergic
pathways links palatable food exposure to compulsive eating phenotypes, presenting
opioid-DA interactions as a critical component for the etiology of obesity and binge-eating.
Indeed, a combination of naltrexone and bupropion (CONTRAVE®) has been developed
for the treatment of obesity [101].

4. Conclusions

The evidence reviewed highlights the importance of the endogenous opioid system in
hedonic feeding and binge-eating. The role of individual opioid peptides is different but
complementary. 3-endorphins modulate the hedonic value of food in a context-dependent
manner, whereas enkephalins regulate the motivational drive to obtain it. Furthermore,
nociceptin plays a distinct role within the context of feeding. Unlike -endorphins or
enkephalins that modulate hedonic value and motivational drive of food, respectively, NOP
receptor signaling selectively promotes palatable food intake under binge-like conditions.
However, NOP antagonism reduces HFD intake without disrupting homeostatic feeding.
This distinction makes NOPs a potential pharmacological target for BED specifically.

In addition, dysregulated MOP signaling appears to reshape the cognitive and hedonic
processes that govern feeding behavior, contributing to maladaptive reward processing,
increased motivation for palatable foods, and impaired inhibitory control over intake. These
effects are further amplified by downstream dopaminergic signaling, including D2 receptor
downregulation and reward hypofunctionality, which lowers the threshold for compulsive
eating while weakening homeostatic inhibitory control. Together, these neuroadaptations
parallel the mechanisms observed in substance use disorders, reinforcing the idea that
binge-eating is, at least in part, a reward-driven condition associated with compulsive,
habitual processes and overconsumption. Current pharmacological interventions targeting
opioid signaling, particularly MOP antagonists such as naltrexone [82] and its combination
with bupropion (CONTRAVE®), have shown promise in reducing food craving, binge-like
consumption, and attentional bias toward palatable foods [101].

Despite these preclinical and early clinical signals, the real-world clinical efficacy of
opioid-targeted pharmacotherapy for obesity and BED has generally been modest and
variable across patient populations. Naltrexone produces minimal weight loss on its
own, and even the FDA-approved naltrexone/bupropion combination (CONTRAVE®)
yields placebo-corrected weight loss of roughly 5%, with adverse effects such as nausea,
constipation, and headache contributing to discontinuation rates that limit long-term
adherence [102]. GSK1521498 has shown encouraging effects on food-cue reactivity and
attentional bias in early-phase trials but has not advanced to FDA approval. Its clinical
development has been constrained by two factors: questions of receptor selectivity relative
to naltrexone, and considerable inter-individual variability in response. This variability
may partly reflect genetic differences in opioid receptor signaling [79,81]. This variability,
combined with the clinical and biological heterogeneity of obesity and BED, likely reflecting
multiple distinct underlying neurobiological subtypes, may help explain why single-target
opioid therapies have not consistently reproduced the effect sizes observed in preclinical
models. Precision medicine approaches that stratify patients using genetic, neuroimaging,
or behavioral biomarkers of opioid system function prior to treatment, together with
combination pharmacotherapy pairing opioid receptor modulation with agents acting on
complementary pathways, represent promising strategies for improving on this variability.

Among these complementary pathways, glucagon-like peptide-1 (GLP-1) receptor
agonists have substantially reshaped the clinical landscape of obesity treatment. Semaglu-
tide and tirzepatide produce considerably greater weight loss than naltrexone /bupropion,
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and their actions extend well beyond peripheral appetite suppression: GLP-1 receptors are
expressed within mesolimbic circuitry, and GLP-1 receptor agonists reduce food-seeking
behavior, dampen motivation for palatable food, and modulate dopaminergic signaling
within the VTA and NAc [103,104]. In a direct clinical comparison, semaglutide reduced
binge-eating episodes more effectively than the currently prescribed BED medications lis-
dexamfetamine and topiramate [105]. Mechanistically, GLP-1 receptor agonism and opioid
receptor antagonism appear to converge on overlapping mesolimbic circuitry through dis-
tinct molecular routes: GLP-1 signaling appears to dampen dopaminergic drive upstream
in the reward cascade, while MOP antagonism blunts the hedonic amplification of that
signal downstream. This raises the possibility that combined or sequential use of these
drug classes could address both the motivational and hedonic components of compulsive
eating more comprehensively than either strategy alone. Direct trials testing opioid—GLP-1
combination therapy specifically for BED remain lacking, however, and this represents an
important direction for future translational research.

However, this review has several limitations. As a narrative review, the studies we
chose to incorporate may have introduced some selection bias. In addition, the emphasis
on preclinical versus human studies may not fully reflect the translational complexity of
these pathways in humans, as few clinical studies have focused on the aforementioned
opioid- and dopamine-related pathways. For example, current treatments remain limited
by variability in efficacy, side effects associated with non-compliance, and an incomplete
understanding of long-term outcomes, especially in humans. Although GSK1521498 is
not yet FDA-approved for clinical use, it is currently being investigated in various clinical
studies in the context of addictive behaviors associated with food and alcohol use. Future
therapeutic strategies may benefit from combining opioid-based pharmacotherapy with
behavioral interventions and targeting specific neural pathways involved in reward and
inhibitory control. The neurobiological changes associated with the pathophysiology of
food reward and compulsive eating occur alongside a wide range of other neuropeptide
systems, including but not limited to hypothalamic feeding circuits, cortical inhibitory
circuits, and hormones involved in feeding and reward that act centrally such as GLP-1.
As stated above, GLP-1s such as semaglutide are more effective and act on overlapping
brain circuitry, suggesting that combination therapy of opioid antagonist with GLP-1s is
a potentially promising, but still untested, intervention for food reward and compulsive
eating. Achieving this, however, depends on addressing key gaps in our understanding of
the opioid system. For example, the characterization of the relative contributions of hedonic
and homeostatic mechanisms to nociceptin’s effect is still not completely understood.
Human data on NOP receptor signaling in BED is also largely lacking, compared to other
opioid peptides and receptors. Similarly, whether MOP alterations in binge-eating disorder
and obesity reflect a preexisting condition or a consequence of repeated palatable food
exposure remains unclear. This distinction has significant implications for identifying
at-risk individuals and determining when pharmacological interventions are most effective.
Further research is therefore needed to clarify this question alongside peptide-specific
roles and the long-term neurobiological consequences of chronic palatable food exposure.
Integrating opioid signaling with dopaminergic and metabolic pathways may provide
a more comprehensive framework for treatment, allowing for the development of more
effective, mechanism-based interventions for obesity and binge-eating disorder.

In addition, sex differences are an important yet often overlooked aspect of opioid-
mediated signaling and food reward. The findings from existing preclinical studies indicate
that biological sex appears to influence sensitivity to the rewarding and reinforcing prop-
erties of opioids. For example, male rats appear to be less sensitive than female rats to
these effects, with lower opioid intake and slower acquisition time for oral and intravenous
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opioid self-administration [106-109]. On the other hand, male rats also show morphine-
induced conditioned place preference within a smaller dose range compared to female
rats [110,111]. However, this difference depends on a variety of factors, including but not
limited to reinforcement schedule, dosage, and level of food restriction [112]. In addition,
sex differences can also be specific to certain receptor subtypes. Craft and colleagues have
shown that males exhibit greater sensitivity than females to the discriminative stimulus
effect of KOP but not MOP opioid agonists [113-115]. Furthermore, gonadal hormones
also appear to play a role in dopamine signaling. Kokane and Perrotti have shown that
estradiol influences dopamine activity within the mesolimbic reward system by enhancing
rewarding and reinforcing behaviors mediated by opioid drugs [116]. Taken together, these
sex differences are likely to affect findings related to opioid-mediated feeding and food
reward. Yet, this aspect remains largely unexplored and represents an important direction
for future studies. More specifically, sex differences should be considered as a factor when
conducting studies of opioid- and dopamine-related mechanisms underlying food reward
and binge-eating.

Author Contributions: A.J. and C.L. contributed equally to this work and shared first authorship.
Conceptualization, A.J., C.L. and K.L.; data curation, A.J.,, C.L, EW, AT, TD.C, VS, LK, ER.L.
and K.L; investigation, A.]., C.L. and E.W.; methodology, C.L. and K.L.; project administration, C.L.
and K.L.; supervision, C.L. and K.L.; resources, C.L. and K.L.; visualization, C.L., EW. and K.L.;
writing—original draft, A.J.; writing—review & editing, A.]., C.L., EW. and K.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: The authors wish to thank the Department of Biotechnology and Pharmaceutical
Sciences, College of Pharmacy at Western University of Health Sciences for their support and resources
for this research. Figure 1 was designed by E.W. and created using BioRender. Leung, C. (2026)
https:/ /BioRender.com /u9e45wa (accessed on 26 May 2026). Figure 2 was designed by E.W. and
C.L. and created using BioRender. Leung, C. (2026) https://BioRender.com/7z362qf (accessed
on 26 May 2026). Figure 3 was designed by C.L. and created using BioRender. Leung, C. (2026)
https:/ /BioRender.com/lysdy7p (accessed on 26 May 2026).

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

Abbreviations

The following abbreviations are used in this manuscript:

AgRP Agouti-related peptide

ARC Arcuate nucleus

BED Binge-eating disorder

CART Cocaine- and amphetamine-regulated transcript
CeA Central amygdala

D1 Dopamine D1 receptor

D2/D2R  Dopamine D2 receptor

DA Dopamine

DOP Delta-opioid receptor

GABA y-aminobutyric acid
GLP-1 Glucagon-like peptide-1

HFD High-fat diet

Icv Intracerebroventricular
KOP Kappa-opioid receptor
LH Lateral hypothalamus
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MOP Mu-opioid receptor

MSN Medium spiny neurons

NAc Nucleus accumbens

NOP Nociceptin opioid peptide receptor

NPY Neuropeptide Y

NTS Nucleus of the solitary tract

PBN Parabrachial nucleus

PET Positron emission tomography

PnocCeA Prepronociceptin-expressing neurons of the central amygdala
POMC Proopiomelanocortin

PVN Paraventricular nucleus

vBNST Ventral bed nucleus of the stria terminalis

VTA Ventral tegmental area

References

1. Apovian, C.M. Obesity: Definition, Comorbidities, Causes, and Burden. Am. |. Manag. Care 2016, 22, s176-s185. [CrossRef]
[PubMed]

2. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera,
S.E; et al. Global, Regional, and National Prevalence of Overweight and Obesity in Children and Adults during 1980-2013: A
Systematic Analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766-781. [CrossRef] [PubMed]

3. Nikolopoulou, A.; Kadoglou, N.P.E. Obesity and Metabolic Syndrome as Related to Cardiovascular Disease. Expert Rev. Cardiovasc.
Ther. 2012, 10, 933-939. [CrossRef] [PubMed]

4. Maes, H.H.; Neale, M.C ; Eaves, L.J. Genetic and Environmental Factors in Relative Body Weight and Human Adiposity. Behav.
Genet. 1997, 27, 325-351. [CrossRef] [PubMed]

5. Elks, C.E,; den Hoed, M.; Zhao, ].H.; Sharp, S.J.; Wareham, N.J.; Loos, R.J.F,; Ong, K.K. Variability in the Heritability of Body Mass
Index: A Systematic Review and Meta-Regression. Front. Endocrinol. 2012, 3, 29. [CrossRef] [PubMed]

6.  Moschonis, G.; Trakman, G.L. Overweight and Obesity: The Interplay of Eating Habits and Physical Activity. Nutrients 2023, 15,
2896. [CrossRef] [PubMed]

7. McDougle, M.; de Araujo, A.; Singh, A.; Yang, M.; Braga, I; Paille, V.; Mendez-Hernandez, R.; Vergara, M.; Woodie, L.N.; Gour,
A.; et al. Separate Gut-Brain Circuits for Fat and Sugar Reinforcement Combine to Promote Overeating. Cell Metab. 2024, 36,
393-407.e7. [CrossRef] [PubMed]

8. Murray, S.; Tulloch, A,; Criscitelli, K.; Avena, N.M. Recent Studies of the Effects of Sugars on Brain Systems Involved in Energy
Balance and Reward: Relevance to Low Calorie Sweeteners. Physiol. Behav. 2016, 164, 504-508. [CrossRef] [PubMed]

9.  Gutierrez, R.; Fonseca, E.; Simon, S.A. The Neuroscience of Sugars in Taste, Gut-Reward, Feeding Circuits, and Obesity. Cell. Mol.
Life Sci. CMLS 2020, 77, 3469-3502. [CrossRef] [PubMed]

10. Edwin Thanarajah, S.; DiFeliceantonio, A.G.; Albus, K.; Kuzmanovic, B.; Rigoux, L.; Iglesias, S.; Hanflen, R.; Schlamann, M.;
Cornely, O.A.; Briining, ]J.C.; et al. Habitual Daily Intake of a Sweet and Fatty Snack Modulates Reward Processing in Humans.
Cell Metab. 2023, 35, 571-584.e6. [CrossRef] [PubMed]

11. Al-Hasani, R.; Bruchas, M.R. Molecular Mechanisms of Opioid Receptor-Dependent Signaling and Behavior. Anesthesiology 2011,
115, 1363-1381. [CrossRef] [PubMed]

12.  Stein, C. Opioid Receptors. Anni. Rev. Med. 2016, 67, 433—451. [CrossRef] [PubMed]

13. Cullen, J.M.; Cascella, M. Physiology, Enkephalin. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2026.

14. Pilozzi, A.; Carro, C.; Huang, X. Roles of 3-Endorphin in Stress, Behavior, Neuroinflammation, and Brain Energy Metabolism. Int.
J. Mol. Sci. 2020, 22, 338. [CrossRef] [PubMed]

15. Land, B.B.; Bruchas, M.R.; Lemos, J.C.; Xu, M.; Melief, E.J.; Chavkin, C. The Dysphoric Component of Stress Is Encoded by
Activation of the Dynorphin Kappa-Opioid System. ]. Neurosci. Off. J. Soc. Neurosci. 2008, 28, 407-414. [CrossRef] [PubMed]

16. Bruchas, M.R.; Land, B.B.; Chavkin, C. The Dynorphin/Kappa Opioid System as a Modulator of Stress-Induced and pro-Addictive
Behaviors. Brain Res. 2010, 1314, 44-55. [CrossRef] [PubMed]

17.  Pfeiffer, A.; Brantl, V.; Herz, A.; Emrich, H.M. Psychotomimesis Mediated by Kappa Opiate Receptors. Science 1986, 233, 774-776.
[CrossRef] [PubMed]

18. Gavériaux-Ruff, C.; Kieffer, B.L. Delta Opioid Receptor Analgesia: Recent Contributions from Pharmacology and Molecular

Approaches. Behav. Pharmacol. 2011, 22, 405-414. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.4158/ep161531.co
https://www.ncbi.nlm.nih.gov/pubmed/27356115
https://doi.org/10.1016/S0140-6736(14)60460-8
https://www.ncbi.nlm.nih.gov/pubmed/24880830
https://doi.org/10.1586/erc.12.74
https://www.ncbi.nlm.nih.gov/pubmed/22908926
https://doi.org/10.1023/a:1025635913927
https://www.ncbi.nlm.nih.gov/pubmed/9519560
https://doi.org/10.3389/fendo.2012.00029
https://www.ncbi.nlm.nih.gov/pubmed/22645519
https://doi.org/10.3390/nu15132896
https://www.ncbi.nlm.nih.gov/pubmed/37447222
https://doi.org/10.1016/j.cmet.2023.12.014
https://www.ncbi.nlm.nih.gov/pubmed/38242133
https://doi.org/10.1016/j.physbeh.2016.04.004
https://www.ncbi.nlm.nih.gov/pubmed/27068180
https://doi.org/10.1007/s00018-020-03458-2
https://www.ncbi.nlm.nih.gov/pubmed/32006052
https://doi.org/10.1016/j.cmet.2023.02.015
https://www.ncbi.nlm.nih.gov/pubmed/36958330
https://doi.org/10.1097/ALN.0b013e318238bba6
https://www.ncbi.nlm.nih.gov/pubmed/22020140
https://doi.org/10.1146/annurev-med-062613-093100
https://www.ncbi.nlm.nih.gov/pubmed/26332001
https://doi.org/10.3390/ijms22010338
https://www.ncbi.nlm.nih.gov/pubmed/33396962
https://doi.org/10.1523/JNEUROSCI.4458-07.2008
https://www.ncbi.nlm.nih.gov/pubmed/18184783
https://doi.org/10.1016/j.brainres.2009.08.062
https://www.ncbi.nlm.nih.gov/pubmed/19716811
https://doi.org/10.1126/science.3016896
https://www.ncbi.nlm.nih.gov/pubmed/3016896
https://doi.org/10.1097/FBP.0b013e32834a1f2c
https://www.ncbi.nlm.nih.gov/pubmed/21836459
https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741 19 of 23

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Hardaway, J.A.; Jensen, ].; Kim, M.; Mazzone, C.M.; Sugam, J.A.; Diberto, ].F,; Lowery-Gionta, E.G.; Hwa, L.S.; Pleil, K.E.; Bulik,
C.M.; et al. Nociceptin Receptor Antagonist SB 612111 Decreases High Fat Diet Binge Eating. Behav. Brain Res. 2016, 307, 25-34.
[CrossRef] [PubMed]

Pomonis, J.D.; Billington, C.J.; Levine, A.S. Orphanin FQ, Agonist of Orphan Opioid Receptor ORL1, Stimulates Feeding in Rats.
Neuroreport 1996, 8, 369-371. [CrossRef] [PubMed]

Contet, C.; Kieffer, B.L.; Befort, K. Mu Opioid Receptor: A Gateway to Drug Addiction. Curr. Opin. Neurobiol. 2004, 14, 370-378.
[CrossRef] [PubMed]

Le Merrer, J.; Becker, J.A.].; Befort, K.; Kieffer, B.L. Reward Processing by the Opioid System in the Brain. Physiol. Rev. 2009, 89,
1379-1412. [CrossRef] [PubMed]

Nogueiras, R.; Romero-Pic6, A.; Vazquez, M.].; Novelle, M.G.; Lépez, M.; Diéguez, C. The Opioid System and Food Intake:
Homeostatic and Hedonic Mechanisms. Obes. Facts 2012, 5, 196-207. [CrossRef] [PubMed]

Doyle, T.G.; Berridge, K.C.; Gosnell, B.A. Morphine Enhances Hedonic Taste Palatability in Rats. Pharmacol. Biochem. Behav. 1993,
46,745-749. [CrossRef] [PubMed]

Giraudo, S.Q.; Grace, M.K.; Billington, C.J.; Levine, A.S. Differential Effects of Neuropeptide Y and the Mu-Agonist DAMGO on
“palatability” vs. “Energy.”. Brain Res. 1999, 834, 160-163. [CrossRef] [PubMed]

Martini, L.; Whistler, J.L. The Role of Mu Opioid Receptor Desensitization and Endocytosis in Morphine Tolerance and Depen-
dence. Curr. Opin. Neurobiol. 2007, 17, 556-564. [CrossRef] [PubMed]

Dang, V.C.; Williams, ].T. Morphine-Induced Mu-Opioid Receptor Desensitization. Mol. Pharmacol. 2005, 68, 1127-1132. [CrossRef]
[PubMed]

Jaeckel, E.R.; Herrera, Y.N.; Schulz, S.; Birdsong, W.T. Chronic Morphine Induces Adaptations in Opioid Receptor Signaling in a
Thalamostriatal Circuit That Are Location Dependent, Sex Specific, and Regulated by u-Opioid Receptor Phosphorylation. J.
Neurosci. 2024, 44, €0293232023. [CrossRef] [PubMed]

Bajo, M.; Roberto, M.; Madamba, S.G.; Siggins, G.R. Neuroadaptation of GABAergic Transmission in the Central Amygdala
during Chronic Morphine Treatment. Addict. Biol. 2011, 16, 551-564. [CrossRef] [PubMed]

Valassi, E.; Scacchi, M.; Cavagnini, F. Neuroendocrine Control of Food Intake. Nutr. Metab. Cardiovasc. Dis. NMCD 2008, 18,
158-168. [CrossRef] [PubMed]

Cifuentes, L.; Acosta, A. Homeostatic Regulation of Food Intake. Clin. Res. Hepatol. Gastroenterol. 2022, 46, 101794. [CrossRef]
[PubMed]

Vohra, M.S.; Benchoula, K.; Serpell, C.J.; Hwa, W.E. AgRP/NPY and POMC Neurons in the Arcuate Nucleus and Their Potential
Role in Treatment of Obesity. Eur. J. Pharmacol. 2022, 915, 174611. [CrossRef] [PubMed]

Briining, J.C.; Fenselau, H. Integrative Neurocircuits That Control Metabolism and Food Intake. Science 2023, 381, eabl7398.
[CrossRef] [PubMed]

Skoracka, K.; Hryhorowicz, S.; Schulz, P.; Zawada, A.; Ratajczak-Pawtowska, A.E.; Rychter, A.M.; Stomski, R.; Dobrowolska,
A.; Krela-Kazmierczak, I. The Role of Leptin and Ghrelin in the Regulation of Appetite in Obesity. Peptides 2025, 186, 171367.
[CrossRef] [PubMed]

Hill, JW. PVN Pathways Controlling Energy Homeostasis. Indian J. Endocrinol. Metab. 2012, 16, S627-5636. [CrossRef] [PubMed]
Chen, C.; Altafi, M.; Corbu, M.-A.; Trenk, A.; van den Munkhof, H.; Weineck, K.; Bender, F.; Carus-Cadavieco, M.; Bakhareva, A.;
Korotkova, T.; et al. The Dynamic State of a Prefrontal-Hypothalamic-Midbrain Circuit Commands Behavioral Transitions. Nat.
Neurosci. 2024, 27, 952-963. [CrossRef] [PubMed]

Carus-Cadavieco, M.; Gorbati, M.; Ye, L.; Bender, F,; van der Veldt, S.; Kosse, C.; Borgers, C.; Lee, S.Y.; Ramakrishnan, C.; Hu, Y,;
et al. Gamma Oscillations Organize Top-down Signalling to Hypothalamus and Enable Food Seeking. Nature 2017, 542, 232-236.
[CrossRef] [PubMed]

Clegg, D.J.; Gotoh, K.; Kemp, C.; Wortman, M.D.; Benoit, S.C.; Brown, L.M.; D’Alessio, D.; Tso, P.; Seeley, R.]J.; Woods, S.C.
Consumption of a High-Fat Diet Induces Central Insulin Resistance Independent of Adiposity. Physiol. Behav. 2011, 103, 10-16.
[CrossRef] [PubMed]

Chadwick, J.S.; Decourt, C.; Miiller, F; Maldonado-Lasuncion, I.; Serger, E.; Kong, G.; Zhou, L.; Song, Y.; Yan, Y.; Yuan, Z,;
et al. Dietary-Dependent Sensitization of Neuronal Leptin Signaling Promotes Neural Repair after Injury via cAMP and Gene
Transcription. Neuron 2025, 113, 2839-2855.e8. [CrossRef] [PubMed]

Yeomans, M.R.; Blundell, ].E.; Leshem, M. Palatability: Response to Nutritional Need or Need-Free Stimulation of Appetite? Br. J.
Nutr. 2004, 92, S3-S14. [CrossRef] [PubMed]

Denis, R.G.P; Joly-Amado, A.; Webber, E.; Langlet, F.; Schaeffer, M.; Padilla, S.; Cansell, C.; Dehouck, B.; Castel, J.; Delbés, A.-S.;
et al. Palatability Can Drive Feeding Independent of AgRP Neurons. Cell Metab. 2015, 22, 646—657. [CrossRef] [PubMed]
Morales, I.; Berridge, K.C. “Liking” and “Wanting” in Eating and Food Reward: Brain Mechanisms and Clinical Implications.
Physiol. Behav. 2020, 227, 113152. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.1016/j.bbr.2016.03.046
https://www.ncbi.nlm.nih.gov/pubmed/27036650
https://doi.org/10.1097/00001756-199612200-00072
https://www.ncbi.nlm.nih.gov/pubmed/9051812
https://doi.org/10.1016/j.conb.2004.05.005
https://www.ncbi.nlm.nih.gov/pubmed/15194118
https://doi.org/10.1152/physrev.00005.2009
https://www.ncbi.nlm.nih.gov/pubmed/19789384
https://doi.org/10.1159/000338163
https://www.ncbi.nlm.nih.gov/pubmed/22647302
https://doi.org/10.1016/0091-3057(93)90572-b
https://www.ncbi.nlm.nih.gov/pubmed/8278455
https://doi.org/10.1016/s0006-8993(99)01512-7
https://www.ncbi.nlm.nih.gov/pubmed/10407107
https://doi.org/10.1016/j.conb.2007.10.004
https://www.ncbi.nlm.nih.gov/pubmed/18068348
https://doi.org/10.1124/mol.105.013185
https://www.ncbi.nlm.nih.gov/pubmed/16020743
https://doi.org/10.1523/JNEUROSCI.0293-23.2023
https://www.ncbi.nlm.nih.gov/pubmed/37985179
https://doi.org/10.1111/j.1369-1600.2010.00269.x
https://www.ncbi.nlm.nih.gov/pubmed/21182569
https://doi.org/10.1016/j.numecd.2007.06.004
https://www.ncbi.nlm.nih.gov/pubmed/18061414
https://doi.org/10.1016/j.clinre.2021.101794
https://www.ncbi.nlm.nih.gov/pubmed/34481092
https://doi.org/10.1016/j.ejphar.2021.174611
https://www.ncbi.nlm.nih.gov/pubmed/34798121
https://doi.org/10.1126/science.abl7398
https://www.ncbi.nlm.nih.gov/pubmed/37769095
https://doi.org/10.1016/j.peptides.2025.171367
https://www.ncbi.nlm.nih.gov/pubmed/39983918
https://doi.org/10.4103/2230-8210.105581
https://www.ncbi.nlm.nih.gov/pubmed/23565499
https://doi.org/10.1038/s41593-024-01598-3
https://www.ncbi.nlm.nih.gov/pubmed/38499854
https://doi.org/10.1038/nature21066
https://www.ncbi.nlm.nih.gov/pubmed/28146472
https://doi.org/10.1016/j.physbeh.2011.01.010
https://www.ncbi.nlm.nih.gov/pubmed/21241723
https://doi.org/10.1016/j.neuron.2025.07.016
https://www.ncbi.nlm.nih.gov/pubmed/40812302
https://doi.org/10.1079/bjn20041134
https://www.ncbi.nlm.nih.gov/pubmed/15384315
https://doi.org/10.1016/j.cmet.2015.07.011
https://www.ncbi.nlm.nih.gov/pubmed/26278050
https://doi.org/10.1016/j.physbeh.2020.113152
https://www.ncbi.nlm.nih.gov/pubmed/32846152
https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741 20 of 23

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Bodnar, R.J.; Lamonte, N.; Israel, Y.; Kandov, Y.; Ackerman, T.F; Khaimova, E. Reciprocal Opioid-Opioid Interactions between
the Ventral Tegmental Area and Nucleus Accumbens Regions in Mediating u Agonist-Induced Feeding in Rats. Peptides 2005, 26,
621-629. [CrossRef] [PubMed]

Wu, Y,; Perez-Rosello, T.; Awatramani, R.; Surmeier, D.]J. Presynaptic Mu Opioid Receptors Suppress the Functional Connectivity
of Ventral Tegmental Area Dopaminergic Neurons with Aversion-Related Brain Regions. ]J. Neurosci. 2025, 45, €1194242025.
[CrossRef] [PubMed]

Castro, D.C.; Cole, S.L.; Berridge, K.C. Lateral Hypothalamus, Nucleus Accumbens, and Ventral Pallidum Roles in Eating and
Hunger: Interactions between Homeostatic and Reward Circuitry. Front. Syst. Neurosci. 2015, 9, 90. [CrossRef] [PubMed]
Smith, K.S.; Berridge, K.C.; Aldridge, ].W. Disentangling Pleasure from Incentive Salience and Learning Signals in Brain Reward
Circuitry. Proc. Natl. Acad. Sci. USA 2011, 108, E255-E264. [CrossRef] [PubMed]

Berridge, K.C. The Debate over Dopamine’s Role in Reward: The Case for Incentive Salience. Psychopharmacology 2007, 191,
391-431. [CrossRef] [PubMed]

Biglari, N.; Gaziano, I.; Schumacher, J.; Radermacher, J.; Paeger, L.; Klemm, P.; Chen, W.; Corneliussen, S.; Wunderlich, C.M.;
Sue, M.; et al. Functionally Distinct POMC-Expressing Neuron Subpopulations in Hypothalamus Revealed by Intersectional
Targeting. Nat. Neurosci. 2021, 24, 913-929. [CrossRef] [PubMed]

Soverchia, L.; Mosconi, G.; Ruggeri, B.; Ballarini, P.; Catone, G.; Degl'Innocenti, S.; Nabissi, M.; Polzonetti-Magni, A.M.
Proopiomelanocortin Gene Expression and Beta-Endorphin Localization in the Pituitary, Testis, and Epididymis of Stallion. Mol.
Reprod. Dev. 2006, 73, 1-8. [CrossRef] [PubMed]

Finley, J.C.; Lindstrom, P; Petrusz, P. Inmunocytochemical Localization of Beta-Endorphin-Containing Neurons in the Rat Brain.
Neuroendocrinology 1981, 33, 28-42. [CrossRef] [PubMed]

Jouque, V.; Miralpeix, C.; Lopez-Gambero, A J.; Nicolas, ].C.; Quarta, C.; Cota, D. Beyond Satiety: Unraveling the Complex Roles
of POMC Neurons in Behavior and Metabolism. Rev. Endocr. Metab. Disord. 2026, 27, 367-381. [CrossRef] [PubMed]

Tang, F; Costa, E.; Schwartz, ].P. Increase of Proenkephalin mRNA and Enkephalin Content of Rat Striatum after Daily Injection
of Haloperidol for 2 to 3 Weeks. Proc. Natl. Acad. Sci. USA 1983, 80, 3841-3844. [CrossRef] [PubMed]

Drolet, G.; Dumont, E.C.; Gosselin, L; Kinkead, R.; Laforest, S.; Trottier, J.F. Role of Endogenous Opioid System in the Regulation
of the Stress Response. Prog. Neuropsychopharmacol. Biol. Psychiatry 2001, 25, 729-741. [CrossRef] [PubMed]

Schwarzer, C. 30 Years of Dynorphins—New Insights on Their Functions in Neuropsychiatric Diseases. Pharmacol. Ther. 2009, 123,
353-370. [CrossRef] [PubMed]

Hardaway, J.A.; Halladay, L.R.; Mazzone, C.M.; Pati, D.; Bloodgood, D.W.; Kim, M.; Jensen, J.; DiBerto, J.E; Boyt, K.M.; Shiddapur,
A et al. Central Amygdala Prepronociceptin-Expressing Neurons Mediate Palatable Food Consumption and Reward. Neuron
2019, 102, 1037-1052.e7. [CrossRef] [PubMed]

Yamamoto, T.; Sako, N.; Maeda, S. Effects of Taste Stimulation on Beta-Endorphin Levels in Rat Cerebrospinal Fluid and Plasma.
Physiol. Behav. 2000, 69, 345-350. [CrossRef] [PubMed]

Gunion, M.W,; Peters, R.H. Pituitary Beta-Endorphin, Naloxone, and Feeding in Several Experimental Obesities. Am. J. Physiol.
1981, 241, R173-R184. [CrossRef] [PubMed]

Rubinstein, M.; Mogil, ].S.; Japén, M.; Chan, E.C.; Allen, R.G.; Low, M.]. Absence of Opioid Stress-Induced Analgesia in Mice
Lacking Beta-Endorphin by Site-Directed Mutagenesis. Proc. Natl. Acad. Sci. USA 1996, 93, 3995-4000. [CrossRef] [PubMed]
Matsumura, S.; Eguchi, A.; Okafuji, Y.; Tatsu, S.; Mizushige, T.; Tsuzuki, S.; Inoue, K.; Fushiki, T. Dietary Fat Ingestion Activates
B-Endorphin Neurons in the Hypothalamus. FEBS Lett. 2012, 586, 1231-1235. [CrossRef] [PubMed]

Era, LH.; Hamid, A.; Lutfy, K. The Involvement of the Endogenous Opioid System in Binge Eating, Food Devaluation and Food
Reward in Mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2025, 142, 111539. [CrossRef] [PubMed]

Mendez, I.A.; Ostlund, S.B.; Maidment, N.T.; Murphy, N.P. Involvement of Endogenous Enkephalins and 3-Endorphin in Feeding
and Diet-Induced Obesity. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2015, 40, 2103-2112. [CrossRef]
[PubMed]

Tolentino, L.; Igbal, A.; Rahman, S.; Lutfy, K. The Role of Beta-Endorphin in Food Deprivation-Mediated Increases in Food Intake
and Binge-Eating. Brain Sci. 2023, 13, 212. [CrossRef] [PubMed]

Escolero, V.,; Tolentino, L.; Muhammad, A.B.; Hamid, A.; Lutfy, K. The Involvement of Endogenous Enkephalins in Glucose
Homeostasis. Biomedicines 2023, 11, 671. [CrossRef] [PubMed]

Mendez, I.A.; Maidment, N.T.; Murphy, N.P. Parsing the Hedonic and Motivational Influences of Nociceptin on Feeding Using
Licking Microstructure Analysis in Mice. Behav. Pharmacol. 2016, 27, 516-527. [CrossRef] [PubMed]

Farhang, B.; Pietruszewski, L.; Lutfy, K.; Wagner, E.J. The role of the NOP receptor in regulating food intake, meal pattern, and
the excitability of proopiomelanocortin neurons. Neuropharmacology 2010, 59, 190-200. [CrossRef] [PubMed]

Sayers, S.; Le, N.; Hernandez, J.; Mata-Pacheco, V.; Wagner, E.]J. The Vital Role of Arcuate Nociceptin/Orphanin FQ Neurones in
Mounting an Oestradiol-Dependent Adaptive Response to Negative Energy Balance via Inhibition of Nearby Proopiomelanocortin
Neurones. J. Physiol. 2022, 600, 4939-4961. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.1016/j.peptides.2004.11.007
https://www.ncbi.nlm.nih.gov/pubmed/15752577
https://doi.org/10.1523/JNEUROSCI.1194-24.2025
https://www.ncbi.nlm.nih.gov/pubmed/40514241
https://doi.org/10.3389/fnsys.2015.00090
https://www.ncbi.nlm.nih.gov/pubmed/26124708
https://doi.org/10.1073/pnas.1101920108
https://www.ncbi.nlm.nih.gov/pubmed/21670308
https://doi.org/10.1007/s00213-006-0578-x
https://www.ncbi.nlm.nih.gov/pubmed/17072591
https://doi.org/10.1038/s41593-021-00854-0
https://www.ncbi.nlm.nih.gov/pubmed/34002087
https://doi.org/10.1002/mrd.20341
https://www.ncbi.nlm.nih.gov/pubmed/16177984
https://doi.org/10.1159/000123197
https://www.ncbi.nlm.nih.gov/pubmed/6265819
https://doi.org/10.1007/s11154-025-09993-2
https://www.ncbi.nlm.nih.gov/pubmed/40971005
https://doi.org/10.1073/pnas.80.12.3841
https://www.ncbi.nlm.nih.gov/pubmed/6190182
https://doi.org/10.1016/s0278-5846(01)00161-0
https://www.ncbi.nlm.nih.gov/pubmed/11383975
https://doi.org/10.1016/j.pharmthera.2009.05.006
https://www.ncbi.nlm.nih.gov/pubmed/19481570
https://doi.org/10.1016/j.neuron.2019.03.037
https://www.ncbi.nlm.nih.gov/pubmed/31029403
https://doi.org/10.1016/s0031-9384(99)00252-8
https://www.ncbi.nlm.nih.gov/pubmed/10869601
https://doi.org/10.1152/ajpregu.1981.241.3.R173
https://www.ncbi.nlm.nih.gov/pubmed/6269442
https://doi.org/10.1073/pnas.93.9.3995
https://www.ncbi.nlm.nih.gov/pubmed/8633004
https://doi.org/10.1016/j.febslet.2012.03.028
https://www.ncbi.nlm.nih.gov/pubmed/22575661
https://doi.org/10.1016/j.pnpbp.2025.111539
https://www.ncbi.nlm.nih.gov/pubmed/41138901
https://doi.org/10.1038/npp.2015.67
https://www.ncbi.nlm.nih.gov/pubmed/25754760
https://doi.org/10.3390/brainsci13020212
https://www.ncbi.nlm.nih.gov/pubmed/36831755
https://doi.org/10.3390/biomedicines11030671
https://www.ncbi.nlm.nih.gov/pubmed/36979650
https://doi.org/10.1097/FBP.0000000000000240
https://www.ncbi.nlm.nih.gov/pubmed/27100061
https://doi.org/10.1016/j.neuropharm.2010.05.007
https://www.ncbi.nlm.nih.gov/pubmed/20510254
https://doi.org/10.1113/JP283378
https://www.ncbi.nlm.nih.gov/pubmed/36217719
https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741 21 of 23

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Coopert, S.J.; Dourish, C.T.; Barber, D.J. Fluoxetine Reduces Food Intake by a Cholecystokinin-Independent Mechanism. Pharmacol.
Biochem. Behav. 1990, 35, 51-54. [CrossRef] [PubMed]

Statnick, M.A.; Chen, Y.; Ansonoff, M.; Witkin, ].M.; Rorick-Kehn, L.; Suter, TM.; Song, M.; Hu, C.; Lafuente, C.; Jiménez, A.; et al.
A Novel Nociceptin Receptor Antagonist LY2940094 Inhibits Excessive Feeding Behavior in Rodents: A Possible Mechanism for
the Treatment of Binge Eating Disorder. J. Pharmacol. Exp. Ther. 2016, 356, 493-502. [CrossRef] [PubMed]

Koizumi, M.; Cagniard, B.; Murphy, N.P. Endogenous Nociceptin Modulates Diet Preference Independent of Motivation and
Reward. Physiol. Behav. 2009, 97, 1-13. [CrossRef] [PubMed]

Badiani, A.; Rajabi, H.; Nencini, P; Stewart, ]. Modulation of Food Intake by the Kappa Opioid U-50,488H: Evidence for an Effect
on Satiation. Behav. Brain Res. 2001, 118, 179-186. [CrossRef] [PubMed]

Cooper, S.J.; Jackson, A.; Morgan, R.; Carter, R. Evidence for Opiate Receptor Involvement in the Consumption of a High
Palatability Diet in Nondeprived Rats. Neuropeptides 1985, 5, 345-348. [CrossRef] [PubMed]

Locke, K.W.; Brown, D.R.; Holtzman, S.G. Effects of Opiate Antagonists and Putative Mu- and Kappa-Agonists on Milk Intake in
Rat and Squirrel Monkey. Pharmacol. Biochem. Behav. 1982, 17, 1275-1279. [CrossRef] [PubMed]

Morley, J.E.; Levine, A.S. Dynorphin-(1-13) Induces Spontaneous Feeding in Rats. Life Sci. 1981, 29, 1901-1903. [CrossRef]
[PubMed]

Ruegg, H.; Yu, W.Z.; Bodnar, R.]. Opioid-Receptor Subtype Agonist-Induced Enhancements of Sucrose Intake Are Dependent
upon Sucrose Concentration. Physiol. Behav. 1997, 62, 121-128. [CrossRef] [PubMed]

Beczkowska, IL.W.; Bowen, W.D.; Bodnar, R.J. Central Opioid Receptor Subtype Antagonists Differentially Alter Sucrose and
Deprivation-Induced Water Intake in Rats. Brain Res. 1992, 589, 291-301. [CrossRef] [PubMed]

Levine, A.S.; Grace, M.; Billington, C.J.; Portoghese, P.S. Nor-Binaltorphimine Decreases Deprivation and Opioid-Induced Feeding.
Brain Res. 1990, 534, 60-64. [CrossRef] [PubMed]

Gosnell, B.A. Involvement of Mu Opioid Receptors in the Amygdala in the Control of Feeding. Neuropharmacology 1988, 27,
319-326. [CrossRef] [PubMed]

Hamilton, M.E.; Bozarth, M. A. Feeding Elicited by Dynorphin (1-13) Microinjections into the Ventral Tegmental Area in Rats. Life
Sci. 1988, 43, 941-946. [CrossRef] [PubMed]

Igbal, A.; Hamid, A.; Ahmad, S.M.; Lutfy, K. The Role of Mu Opioid Receptors in High Fat Diet-Induced Reward and Potentiation
of the Rewarding Effect of Oxycodone. Life 2023, 13, 619. [CrossRef] [PubMed]

Ignar, D.M.; Goetz, A.S.; Noble, K.N.; Carballo, L.H.; Stroup, A.E.; Fisher, J.C.; Boucheron, J.A.; Brainard, T.A.; Larkin, A.L,;
Epperly, A.-H.; et al. Regulation of Ingestive Behaviors in the Rat by GSK1521498, a Novel Micro-Opioid Receptor-Selective
Inverse Agonist. J. Pharmacol. Exp. Ther. 2011, 339, 24-34. [CrossRef] [PubMed]

Chamberlain, S.R.; Mogg, K.; Bradley, B.P.; Koch, A.; Dodds, C.M.; Tao, W.X.; Maltby, K.; Sarai, B.; Napolitano, A.; Richards, D.B,;
et al. Effects of Mu Opioid Receptor Antagonism on Cognition in Obese Binge-Eating Individuals. Psychopharmacology 2012, 224,
501-509. [CrossRef] [PubMed]

Giuliano, C.; Robbins, T.W.; Nathan, PJ.; Bullmore, E.T.; Everitt, B.J. Inhibition of Opioid Transmission at the p-Opioid Receptor
Prevents Both Food Seeking and Binge-like Eating. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2012, 37,
2643-2652. [CrossRef] [PubMed]

Cambridge, V.C; Ziauddeen, H.; Nathan, P.J.; Subramaniam, N.; Dodds, C.; Chamberlain, S.R.; Koch, A.; Maltby, K.; Skeggs, A.L.;
Napolitano, A.; et al. Neural and Behavioral Effects of a Novel Mu Opioid Receptor Antagonist in Binge-Eating Obese People.
Biol. Psychiatry 2013, 73, 887-894. [CrossRef] [PubMed]

Joutsa, J.; Karlsson, H.K.; Majuri, J.; Nuutila, P.; Helin, S.; Kaasinen, V.; Nummenmaa, L. Binge Eating Disorder and Morbid
Obesity Are Associated with Lowered Mu-Opioid Receptor Availability in the Brain. Psychiatry Res. Neuroimaging 2018, 276,
41-45. [CrossRef] [PubMed]

Khayat, A.; Yaka, R. Activation of Nucleus Accumbens Projections to the Ventral Tegmental Area Alters Molecular Signaling and
Neurotransmission in the Reward System. Front. Mol. Neurosci. 2024, 17, 1271654. [CrossRef] [PubMed]

Nathan, PJ.; Bullmore, E.T. From Taste Hedonics to Motivational Drive: Central u-Opioid Receptors and Binge-Eating Behaviour.
Int. ]. Neuropsychopharmacol. 2009, 12, 995-1008. [CrossRef] [PubMed]

Severino, A.L.; Mittal, N.; Hakimian, ] K.; Velarde, N.; Minasyan, A.; Albert, R.; Torres, C.; Romaneschi, N.; Johnston, C.; Tiwari,
S.; et al. p-Opioid Receptors on Distinct Neuronal Populations Mediate Different Aspects of Opioid Reward-Related Behaviors.
eNeuro 2020, 7, ENEURO.0146-20.2020. [CrossRef] [PubMed]

Wang, W.; Xie, X.; Zhuang, X.; Huang, Y.; Tan, T.; Gangal, H.; Huang, Z.; Purvines, W.; Wang, X.; Stefanov, A.; et al. Striatal
p-Opioid Receptor Activation Triggers Direct-Pathway GABAergic Plasticity and Induces Negative Affect. Cell Rep. 2023, 42,
112089. [CrossRef] [PubMed]

Lowes, D.C.; Harris, A.Z. Stressed and Wired: The Effects of Stress on the VTA Circuits Underlying Motivated Behavior. Curr.
Opin. Endocr. Metab. Res. 2022, 26, 100388. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.1016/0091-3057(90)90203-t
https://www.ncbi.nlm.nih.gov/pubmed/2315369
https://doi.org/10.1124/jpet.115.228221
https://www.ncbi.nlm.nih.gov/pubmed/26659925
https://doi.org/10.1016/j.physbeh.2008.12.008
https://www.ncbi.nlm.nih.gov/pubmed/19138695
https://doi.org/10.1016/s0166-4328(00)00325-9
https://www.ncbi.nlm.nih.gov/pubmed/11164515
https://doi.org/10.1016/0143-4179(85)90024-1
https://www.ncbi.nlm.nih.gov/pubmed/2987735
https://doi.org/10.1016/0091-3057(82)90133-2
https://www.ncbi.nlm.nih.gov/pubmed/6298835
https://doi.org/10.1016/0024-3205(81)90522-1
https://www.ncbi.nlm.nih.gov/pubmed/7311723
https://doi.org/10.1016/s0031-9384(97)00151-0
https://www.ncbi.nlm.nih.gov/pubmed/9226351
https://doi.org/10.1016/0006-8993(92)91289-q
https://www.ncbi.nlm.nih.gov/pubmed/1327413
https://doi.org/10.1016/0006-8993(90)90112-o
https://www.ncbi.nlm.nih.gov/pubmed/1963567
https://doi.org/10.1016/0028-3908(88)90050-0
https://www.ncbi.nlm.nih.gov/pubmed/2836755
https://doi.org/10.1016/0024-3205(88)90271-8
https://www.ncbi.nlm.nih.gov/pubmed/2901022
https://doi.org/10.3390/life13030619
https://www.ncbi.nlm.nih.gov/pubmed/36983775
https://doi.org/10.1124/jpet.111.180943
https://www.ncbi.nlm.nih.gov/pubmed/21712426
https://doi.org/10.1007/s00213-012-2778-x
https://www.ncbi.nlm.nih.gov/pubmed/22752384
https://doi.org/10.1038/npp.2012.128
https://www.ncbi.nlm.nih.gov/pubmed/22805601
https://doi.org/10.1016/j.biopsych.2012.10.022
https://www.ncbi.nlm.nih.gov/pubmed/23245760
https://doi.org/10.1016/j.pscychresns.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29655552
https://doi.org/10.3389/fnmol.2024.1271654
https://www.ncbi.nlm.nih.gov/pubmed/38528956
https://doi.org/10.1017/S146114570900039X
https://www.ncbi.nlm.nih.gov/pubmed/19433009
https://doi.org/10.1523/ENEURO.0146-20.2020
https://www.ncbi.nlm.nih.gov/pubmed/32859725
https://doi.org/10.1016/j.celrep.2023.112089
https://www.ncbi.nlm.nih.gov/pubmed/36796365
https://doi.org/10.1016/j.coemr.2022.100388
https://www.ncbi.nlm.nih.gov/pubmed/36406203
https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741 22 of 23

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Qu, N.; He, Y,; Wang, C.; Xu, P; Yang, Y.; Cai, X; Liu, H.; Yu, K,; Pei, Z.; Hyseni, I; et al. A POMC-Originated Circuit Regulates
Stress-Induced Hypophagia, Depression and Anhedonia. Mol. Psychiatry 2020, 25, 1006-1021. [CrossRef] [PubMed]

George, S.R.; Van Loon, G.R. Beta-Endorphin Alters Dopamine Uptake by the Dopamine Neurons of the Hypothalamus and
Striatum. Brain Res. 1982, 248, 293-303. [CrossRef] [PubMed]

Wang, Y.; Toyoshima, O.; Kunimatsu, J.; Yamada, H.; Matsumoto, M. Tonic Firing Mode of Midbrain Dopamine Neurons
Continuously Tracks Reward Values Changing Moment-by-Moment. eLife 2021, 10, e63166. [CrossRef] [PubMed]

Schultz, W. Updating Dopamine Reward Signals. Curr. Opin. Neurobiol. 2013, 23, 229-238. [CrossRef] [PubMed]

Soares-Cunha, C.; de Vasconcelos, N.A.P.; Coimbra, B.; Domingues, A.V,; Silva, ].M.; Loureiro-Campos, E.; Gaspar, R.; Sotiropou-
los, I; Sousa, N.; Rodrigues, A.J. Nucleus Accumbens Medium Spiny Neurons Subtypes Signal Both Reward and Aversion. Mol.
Psychiatry 2020, 25, 3241-3255. [CrossRef] [PubMed]

Zachry, ].E.; Kutlu, M.G.; Yoon, H.J.; Leonard, M.Z.; Chevée, M.; Patel, D.D.; Gaidici, A.; Kondev, V.; Thibeault, K.C.; Bethi, R.;
et al. D1 and D2 Medium Spiny Neurons in the Nucleus Accumbens Core Have Distinct and Valence-Independent Roles in
Learning. Neuron 2024, 112, 835-849.e7. [CrossRef] [PubMed]

Marcott, PF,; Gong, S.; Donthamsetti, P.; Grinnell, S.G.; Nelson, M.N.; Newman, A.H.; Birnbaumer, L.; Martemyanov, K.A,;
Javitch, J.A.; Ford, C.P. Regional Heterogeneity of D2-Receptor Signaling in the Dorsal Striatum and Nucleus Accumbens. Neuron
2018, 98, 575-587.e4. [CrossRef] [PubMed]

Johnson, PM.; Kenny, PJ. Addiction-like Reward Dysfunction and Compulsive Eating in Obese Rats: Role for Dopamine D2
Receptors. Nat. Neurosci. 2010, 13, 635-641. [CrossRef] [PubMed]

Leung, C.; Lutfy, K. Dopamine D2 Receptors and Its Downstream Signaling in Compulsive Eating. Brain Sci. 2025, 15, 923.
[CrossRef] [PubMed]

Wallace, C.W.; Fordahl, S.C. Obesity and Dietary Fat Influence Dopamine Neurotransmission: Exploring the Convergence of
Metabolic State, Physiological Stress, and Inflammation on Dopaminergic Control of Food Intake. Nutr. Res. Rev. 2022, 35,
236-251. [CrossRef] [PubMed]

Atar, A. Neurobiological Consequences of High-Fat High-Sugar Diets on the Mesocorticolimbic System: A Narrative Review.
Curr. Nutr. Rep. 2026, 15, 6. [CrossRef] [PubMed]

Wharton, S.; Kamran, E.; Thabane, L.; Yin, P.; Christensen, R. The Real-World Relationship between Naltrexone /Bupropion
Treatment and Weight Loss in Canada: A Retrospective Chart Review. Clin. Obes. 2025, 15, €12724. [CrossRef] [PubMed]
Caixas, A.; Albert, L.; Capel, I; Rigla, M. Naltrexone Sustained-Release/Bupropion Sustained-Release for the Management of
Obesity: Review of the Data to Date. Drug Des. Devel. Ther. 2014, 8, 1419-1427. [CrossRef] [PubMed]

Kooij, K.L.; Koster, D.L; Eeltink, E.; Luijendijk, M.; Drost, L.; Ducrocq, F.; Adan, R.A.H. GLP-1 Receptor Agonist Semaglutide
Reduces Appetite While Increasing Dopamine Reward Signaling. Neurosci. Appl. 2024, 3, 103925. [CrossRef] [PubMed]

Tongta, S.; Sungkaworn, T.; Pathomthongtaweechai, N. Neurobiological Mechanisms and Therapeutic Potential of Glucagon-like
Peptide-1 Receptor Agonists in Binge Eating Disorder: A Narrative Review. Int. J. Mol. Sci. 2025, 26, 10974. [CrossRef] [PubMed]
Balantekin, K.N.; Kretz, M.].; Mietlicki-Baase, E.G. The Emerging Role of Glucagon-like Peptide 1 in Binge Eating. . Endocrinol.
2024, 262, €230405. [CrossRef] [PubMed]

Carroll, M.E.; Morgan, A.D.; Lynch, W.J.; Campbell, U.C.; Dess, N.K. Intravenous Cocaine and Heroin Self-Administration in
Rats Selectively Bred for Differential Saccharin Intake: Phenotype and Sex Differences. Psychopharmacology 2002, 161, 304-313.
[CrossRef] [PubMed]

Cicero, TJ.; Aylward, S.C.; Meyer, E.R. Gender Differences in the Intravenous Self-Administration of Mu Opiate Agonists.
Pharmacol. Biochem. Behav. 2003, 74, 541-549. [CrossRef] [PubMed]

Lacy, R.T; Strickland, J.C.; Feinstein, M.A.; Robinson, A.M.; Smith, M.A. The Effects of Sex, Estrous Cycle, and Social Contact on
Cocaine and Heroin Self-Administration in Rats. Psychopharmacology 2016, 233, 3201-3210. [CrossRef] [PubMed]

Lynch, W.J.; Carroll, M.E. Sex Differences in the Acquisition of Intravenously Self-Administered Cocaine and Heroin in Rats.
Psychopharmacology 1999, 144, 77-82. [CrossRef] [PubMed]

Cicero, T.J.; Ennis, T.; Ogden, J.; Meyer, E.R. Gender Differences in the ReiLeungnforcing Properties of Morphine. Pharmacol.
Biochem. Behav. 2000, 65, 91-96. [CrossRef] [PubMed]

Karami, M.; Zarrindast, M.R. Morphine Sex-Dependently Induced Place Conditioning in Adult Wistar Rats. Eur. ]. Pharmacol.
2008, 582, 78-87. [CrossRef] [PubMed]

Mavrikaki, M.; Pravetoni, M.; Page, S.; Potter, D.; Chartoff, E. Oxycodone Self-Administration in Male and Female Rats.
Psychopharmacology 2017, 234, 977-987. [CrossRef] [PubMed]

Craft, RM.; Kalivas, PW.,; Stratmann, J.A. Sex Differences in Discriminative Stimulus Effects of Morphine in the Rat. Behav.
Pharmacol. 1996, 7, 764-778. [PubMed]

Craft, RM.; Morgan, C.L.; Bernal, S.A. Reinforcement Frequency, but Not Gender, Determines Sensitivity to Discriminative
Stimulus Effects of Morphine. Behav. Pharmacol. 1998, 9, 357-362. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/brainsci16070741


https://doi.org/10.1038/s41380-019-0506-1
https://www.ncbi.nlm.nih.gov/pubmed/31485012
https://doi.org/10.1016/0006-8993(82)90587-x
https://www.ncbi.nlm.nih.gov/pubmed/6291701
https://doi.org/10.7554/eLife.63166
https://www.ncbi.nlm.nih.gov/pubmed/33689680
https://doi.org/10.1016/j.conb.2012.11.012
https://www.ncbi.nlm.nih.gov/pubmed/23267662
https://doi.org/10.1038/s41380-019-0484-3
https://www.ncbi.nlm.nih.gov/pubmed/31462765
https://doi.org/10.1016/j.neuron.2023.11.023
https://www.ncbi.nlm.nih.gov/pubmed/38134921
https://doi.org/10.1016/j.neuron.2018.03.038
https://www.ncbi.nlm.nih.gov/pubmed/29656874
https://doi.org/10.1038/nn.2519
https://www.ncbi.nlm.nih.gov/pubmed/20348917
https://doi.org/10.3390/brainsci15090923
https://www.ncbi.nlm.nih.gov/pubmed/41008283
https://doi.org/10.1017/S0954422421000196
https://www.ncbi.nlm.nih.gov/pubmed/34184629
https://doi.org/10.1007/s13668-026-00729-5
https://www.ncbi.nlm.nih.gov/pubmed/41543783
https://doi.org/10.1111/cob.12724
https://www.ncbi.nlm.nih.gov/pubmed/39618123
https://doi.org/10.2147/DDDT.S55587
https://www.ncbi.nlm.nih.gov/pubmed/25258511
https://doi.org/10.1016/j.nsa.2023.103925
https://www.ncbi.nlm.nih.gov/pubmed/40656110
https://doi.org/10.3390/ijms262210974
https://www.ncbi.nlm.nih.gov/pubmed/41303457
https://doi.org/10.1530/JOE-23-0405
https://www.ncbi.nlm.nih.gov/pubmed/38642585
https://doi.org/10.1007/s00213-002-1030-5
https://www.ncbi.nlm.nih.gov/pubmed/12021834
https://doi.org/10.1016/s0091-3057(02)01039-0
https://www.ncbi.nlm.nih.gov/pubmed/12543217
https://doi.org/10.1007/s00213-016-4368-9
https://www.ncbi.nlm.nih.gov/pubmed/27370020
https://doi.org/10.1007/s002130050979
https://www.ncbi.nlm.nih.gov/pubmed/10379627
https://doi.org/10.1016/s0091-3057(99)00174-4
https://www.ncbi.nlm.nih.gov/pubmed/10638641
https://doi.org/10.1016/j.ejphar.2007.12.010
https://www.ncbi.nlm.nih.gov/pubmed/18191832
https://doi.org/10.1007/s00213-017-4536-6
https://www.ncbi.nlm.nih.gov/pubmed/28127624
https://www.ncbi.nlm.nih.gov/pubmed/11224471
https://doi.org/10.1097/00008877-199807000-00007
https://www.ncbi.nlm.nih.gov/pubmed/10065924
https://doi.org/10.3390/brainsci16070741

Brain Sci. 2026, 16, 741 23 of 23

115. Craft, RM.; Kruzich, PJ.; Boyer, ].S.; Harding, ].W.; Hanesworth, ].M. Sex Differences in Discriminative Stimulus and Diuretic
Effects of the Kappa Opioid Agonist U69,593 in the Rat. Pharmacol. Biochem. Behav. 1998, 61, 395-403. [CrossRef] [PubMed]

116. Kokane, S.S.; Perrotti, L.I. Sex Differences and the Role of Estradiol in Mesolimbic Reward Circuits and Vulnerability to Cocaine
and Opiate Addiction. Front. Behav. Neurosci. 2020, 14, 74. [CrossRef] [PubMed]

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/10.3390/brainscil6070741


https://doi.org/10.1016/s0091-3057(98)00124-5
https://www.ncbi.nlm.nih.gov/pubmed/9802834
https://doi.org/10.3389/fnbeh.2020.00074
https://www.ncbi.nlm.nih.gov/pubmed/32508605
https://doi.org/10.3390/brainsci16070741

	Introduction 
	Materials and Methods 
	Results 
	Regulation of Feeding Behavior 
	Homeostatic Feeding 
	Hedonic Feeding 

	Endogenous Opioid System in Food Reward 
	Opioid Peptides and Receptor Subtypes 
	-Endorphins, Enkephalins, and Palatable Food Intake 
	Nociceptin Signaling 
	Dynorphin/Kappa Opioid Receptor (KOP) System 

	Opioid Dysregulation and Compulsive Eating 
	MOP Signaling and Binge-Eating Disorder 
	Opioid-Dopamine Interactions 


	Conclusions 
	References

