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Abstract

Objective: Binge eating, a core diagnostic symptom in binge eating disorder and bulimia nervosa, increases the risk
of multiple physiological and psychiatric disorders. The neurotransmitter dopamine is involved in food craving, deci-
sion making, executive functioning, and impulsivity personality trait; all of which contribute to the development and
maintenance of binge eating. The objective of this paper is to review the associations of dopamine levels/activities,
dopamine regulator (e.g., dopamine transporter, degrading enzymes) levels/activities, and dopamine receptor avail-
ability/affinity with binge eating.

Methods: A literature search was conducted in PubMed and PsycINFO to obtain human and animal studies pub-
lished since 2010.

Results: A total of 31 studies (25 human, six animal) were included. Among the human studies, there were 12 case-
control studies, eight randomized controlled trials, and five cross-sectional studies. Studies used neuroimaging (e.g.,
positron emission tomography), genetic, and pharmacological (e.g.,, dopamine transporter inhibitor) technigues to
describe or compare dopamine levels/activities, dopamine transporter levels/activities, dopamine degrading enzyme
(e.g., catechol-O-methyltransferase) levels/activities, and dopamine receptor (e.g., D1, D2) availability/affinity among
participants with and without binge eating. Most human and animal studies supported an altered dopaminergic
state in binge eating (26/31, 83.9%); however, results were divergent regarding whether the altered state was hyper-
dopaminergic (9/26, 34.6%) or hypodopaminergic (17/26, 65.4%). The mixed findings may be partially explained by
the variability in sample characteristics, study design, diagnosis criteria, and neuroimaging/genetic/pharmacological
techniques used. However, it is possible that instead of being mutually exclusive, the hyperdopaminergic and hypo-
dopaminergic state may co-exist, but in different stages of binge eating or in different individual genotypes.

Conclusions: For future studies to clarify the inconsistent findings, a homogenous sample that controls for con-
founders that may influence dopamine levels (e.g., psychiatric diseases) is preferable. Longitudinal studies are needed
to evaluate whether the hyper- and hypo-dopaminergic states co-exist in different stages of binge eating or co-exist
in individual phenotypes.

Plain Language Summary: Binge eating is characterized by eating a large amount of food in a short time and a
feeling of difficulty to stop while eating. Binge eating is the defining symptom of binge eating disorder and bulimia
nervosa, both of which are associated with serious health consequences. Studies have identified several psychologi-
cal risk factors of binge eating, including a strong desire for food, impaired cognitive skills, and distinct personality
traits (e.g., quick action without careful thinking). However, the physiological markers of binge eating remain unclear.
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Dopamine is a neurotransmitter that is heavily involved in feeding behavior, human motivation, cognitive ability, and
personality. Therefore, dopamine is believed to play a critical role in binge eating. This review synthesized study find-
ings related to the levels and activities of dopamine, dopamine regulators, and dopamine receptors in the context of
binge eating. The primary finding is that most studies that used neuroimaging, genetic, or drug techniques found an
altered dopaminergic state related to binge eating. However, the literature is inconsistent concerning the direction of
the alteration. Considering the mixed findings and the limitations in study design, future studies, especially those that
include repeated measurements, are needed to clarify the role of dopamine in binge eating.

Keywords: Bing eating disorder, Bulimia nervosa, Neurophysiology, Hyperdopaminergic state, Hypodopaminergic
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Introduction

Binge eating, a core diagnostic symptom in binge eating
disorder (BED) and bulimia nervosa (BN), is character-
ized by eating a large amount of food in a short time and
a sense of loss of control while eating [1]. Binge eating
(with or without diagnosed BED or BN) affects 10-40%
of children and adults [2, 3], and it is a strong predictor
of obesity and increases the risk of multiple physiologi-
cal (e.g., metabolic syndrome, malnutrition) and psychi-
atric (e.g., depression) disorders [4, 5]. Despite the high
prevalence and negative consequences, many patients
with binge eating remain undiagnosed and untreated [6].
Even among those who are diagnosed and receive the
most validated cognitive-behavioral therapy, 60% of them
fail to fully abstain from binge eating [7]. To facilitate
early diagnosis and to inform the development of novel
treatment strategies, there is a critical need to identify
the biomarkers that are involved in the development and
maintenance of binge eating.

Enhanced food craving, impaired decision making,
diminished executive function, and impulsivity person-
ality traits are among the main risk factors that drive or
perpetuate binge eating. Food craving is an intense desire
or motivation to consume food, and it has been consist-
ently associated with more frequent or more severe binge
eating behaviors in cross-sectional and prospective stud-
ies [8, 9]. Decision making is regulated by two distinct
systems: goal-directed (flexible, behaviors are adjusted
based on anticipated outcomes) and habitual (automatic,
behaviors are based on previous learning). There is con-
verging evidence that binge eating is associated with an
imbalance between these two systems with a greater
reliance on habitual control [10—12]. Executive function
refers to a set of high-order cognitive abilities that allow a
person to perform complex daily activities. A large body
of literature has supported that deficits in the three main
components of executive function, including working
memory, inhibitory control, and cognitive flexibility, con-
tribute to binge eating symptoms [13, 14]. Finally, impul-
sivity as a personality dimension is generally described
as a tendency to engage in premature behaviors without

sufficient consideration of possible consequences, and
it has been strongly related to the loss of control experi-
enced during binge eating episodes [15, 16].

Food craving, decision making, executive function, and
impulsivity are regulated by distinguishable, although
somewhat overlapping, brain regions and neurocircuitry.
For example, a large brain network including the ven-
tral tegmental area, ventral striatum (nucleus accum-
bens), lateral hypothalamus, orbitofrontal cortex, and
amygdala is involved in the excursion of food craving.
In contrast, the dorsal striatum, which can be further
divided into dorsomedial striatum (caudate) and dorso-
lateral striatum (putamen), is essential for orchestrat-
ing goal-directed and habitual decision making [17, 18].
Furthermore, the prefrontal cortex, especially the lateral
prefrontal cortex, is the major neural substrate of execu-
tive function. In terms of impulsivity, although its brain
structural correlates have not been clarified, it is believed
that various regions, including the striatum, prefrontal
cortex, hippocampus, anterior cingulate cortex, temporal
pole, and insula, are involved [15].

The neurotransmitter dopamine has attracted grow-
ing attention in the field of binge eating due to its widely
distributed receptors in the brain regions and neurocir-
cuitry implicated in food craving, decision making, exec-
utive function, and impulsivity, as well as its functional
associations with these risk factors.

Dopamine is synthesized and released by dopamine
neurons located in three main areas in the midbrain: the
ventral tegmental area, the substantia nigra, and the ret-
rorubral field [19]. Dopamine neurons in the ventral teg-
mental area send projections to the ventral striatum (the
main brain region relevant to food craving), forming the
mesolimbic circuits [19]. The mesolimbic dopaminergic
system has traditionally been associated with motiva-
tion. In the context of eating behaviors, the hyperactive
mesolimbic dopaminergic system leads to an increased
incentive salience or craving for food-related rewards,
thus contributing to the initiation of food consumption
[20-23]. In addition to sending projections to the ven-
tral striatum, midbrain dopamine neurons in the ventral
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tegmental area further project to the prefrontal cortex
(the main brain region responsible for executive func-
tion), via the mesocortical pathway. Dopamine in the pre-
frontal cortex serves as a neuromodulator that is essential
for regulating inhibitory control, working memory, and
set-shifting. For example, neuroimaging and pharma-
cological studies have provided evidence that dopamine
agonists increase frontal cerebral blood flow, which is
associated with better inhibitory control [24, 25]. Addi-
tionally, an inverted-U relationship of dopamine with
working memory and set-shifting has been repeatedly
reported such that too low or too high extracellular dopa-
mine concentration in the prefrontal cortex can impair
working memory and set-shifting [26-28]. In contrast,
dopamine neurons in the substantia nigra send projec-
tions to the dorsal striatum (the key hub for the regula-
tion of goal-directed and habitual decision making),
forming the nigrostriatal circuits. Substantial evidence
from animal studies has demonstrated that dopamine
sensitization in the dorsal striatum accelerates the devel-
opment of habit formation from previously goal-directed
behaviors [29-31]. Finally, studies have found that a high
magnitude of dopamine release or higher dopamine
receptor capability in the striatum predicts higher levels
of impulsivity in humans and animals [32, 33]. The major
dopaminergic pathways and corresponding risk factors of
binge eating are outlined in Fig. 1.

After being synthesized in the dopamine neurons
and released into the synapse cleft, dopamine functions
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through binding to its receptors, generally distinct in
two main subclasses: D1-like (D1 and D5 receptors)
and D2-like (D2, D3, and D4 receptors) [34]. D1 and D2
receptors are abundant in the striatum and prefrontal
cortex [34, 35], and they are the most studied in terms of
regulating food craving, decision making, and executive
functioning [36, 37].

The termination of dopamine function largely relies on
dopamine clearance by the dopamine transporter, which
drives the reuptake of extracellular dopamine into pre-
synaptic neurons and consequently decreases the synap-
tic dopamine levels. Additionally, dopamine is degraded
by enzymes such as monoamine oxidase and catechol-
O-methyltransferase (COMT). COMT is most abun-
dant in the prefrontal cortex and accounts for over 60%
of the metabolic degradation of released dopamine in the
prefrontal cortex [38]. While a detailed description of
dopamine neurons, receptors, transporters, and degrad-
ing enzymes is beyond the scope of this paper, they have
been extensively reviewed elsewhere [35, 39].

The role of dopamine in binge eating has been pre-
viously reviewed; however, these reviews were pre-
dominantly published between 2010 and 2015 [40-45].
Importantly, these reviews were either exclusively
focused on animal models [40, 43] or included very few
(<5) human studies [41, 42, 44, 45]. Animal and human
binge eating have similar manifestations, such as over-
eating in the absence of hunger and preference for high-
energy foods, which suggest that they share overlapping
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biological mechanisms. However, animal models can-
not fully replicate the complexity of human binge eat-
ing. For example, human binge eating is often triggered
by psychological risk factors, while animal binge eating
is manipulated by the experimenter. Therefore, despite
that animal models represent a valuable tool, human
studies are critical to better understand how dopamine
contributes to binge eating. Furthermore, although pre-
vious reviews generally support dopamine alterations in
BED or BN, the direction of the alterations appears to be
mixed. Importantly, none of the reviews has attempted to
reconcile the mixed results.

During the past decade, there have been increasing
efforts to delineate the role of dopamine in binge eating
both in humans and animals. Therefore, the goal of this
review is to provide an updated assessment of the litera-
ture on binge eating and dopamine, including dopamine
levels (synthesis, release), dopamine activities, dopamine
regulator (dopamine transporter, degrading enzymes)
levels/activities, and dopamine receptor availability/affin-
ity, in both humans and animals.

Methods

Animal studies were included if (1) they examined binge
eating in relation to dopamine levels/activities, dopa-
mine regulator levels/activities, or dopamine receptor
availability/affinity, and (2) the binge eating was induced
by one of the three standard paradigms: food restriction
(periods of food restriction followed by periods of free
access to palatable foods), food restriction and stress
(periods of food restriction followed by stress exposure),
and intermittent access (ad libitum access to standard
chow and water, combined with intermittent access to
palatable foods).

Human studies were included in this review if they (1)
compared dopamine levels/activities, dopamine regula-
tor levels/activities, or dopamine receptor availability/
affinity between adults with binge eating, BED, or BN
and healthy controls; or (2) described the associations
of dopamine levels/activities, dopamine regulator levels/
activities, or dopamine receptor availability/affinity with
binge eating symptoms among healthy or community-
based adults, or adults with binge eating, BED, or BN.

Qualitative studies, abstracts, editorials, case studies,
book chapters, dissertation work, and review papers were
excluded.

The literature search was conducted in July 2020 with
two databases (PubMed and PsycINFO) to obtain rel-
evant studies published since 2010. The search included
the combination of the following keywords: “dopamine’,
“binge eating’, and “bulimia” The database search was
complemented by a hand search of the reference lists
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obtained from the identified articles. The study selection
flow is presented in Fig. 2.

Results

Study characteristics

This review included 25 human studies and six animal
studies. Among the 25 human studies, participants had
BED (n=6), BN (n=7), remitted BN (n=3), both BED
and BN (n=3), and binge eating symptoms (n=3), and
the remaining three studies were comprised of healthy
adults or community-based adults. Most of the human
studies used case—control design (n=12), and the others
were randomized controlled trials (RCTs, n=7), cross-
sectional studies (n=15), and randomized crossover study
(n=1). For the six animal studies, four used male adult
rats, and two used female adult rats. The intermittent
access paradigm was consistently used to induce binge
eating.

Techniques used to measure dopamine levels/activities,
dopamine regulator levels/activities, and dopamine
receptor availability/affinity

Neuroimaging technique

PET PET relies on the administration and subsequent
detection of positron-emitting radiotracers. The radi-
otracer [''C]raclopride has a high selectivity and affinity
to the D2 receptor; thus, it competes with endogenous
dopamine binding to the D2 receptor—when endogenous
dopamine increases, the radioligand signal decreases [46].
Furthermore, the change of radioligand signal before and
after dopamine psychostimulant (e.g., methylphenidate)
administration can be used to measure the extracellular
dopamine release. Another radiotracer, ['*F]fluorodopa,
is an analog of a dopamine precursor, which is uptaken
by the presynapse and consequently promotes dopamine
synthesis. Therefore, PET can accomplish three primary
goals: measuring dopamine receptor availability/affin-
ity, measuring the extracellular dopamine release, and
measuring the dopamine synthesis capacity. Three studies
used PET in this review: two used ['C]raclopride in con-
junction with methylphenidate to measure dopamine D2
receptor availability/affinity and dopamine release (after
methylphenidate) [47, 48], and one used ['*F]fluorodopa
to measure dopamine synthesis capacity [49].

fMRI fMRI measures the hemodynamic and metabolic
consequences of brain neuronal activity known as blood-
oxygen-level-dependent (BOLD) signal. Although the
BOLD signal reflects a mix of neurotransmitter dynam-
ics (e.g., dopamine, acetylcholine, serotonin), many
studies have reported a significant relationship between
dopamine levels/activities and BOLD signal variability in
dopamine-relevant brain regions (e.g., striatum) [50, 51],
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Fig. 2 Study selection flow

thus supporting its use as an indirect measure of dopa-
mine function. Among the three included fMRI stud-
ies, one measured the brain activity in response to taste
stimuli, based on a dopamine-related reward learning
paradigm, in several brain regions of interest (e.g., ventral
putamen, lateral orbitofrontal cortex) [52]. The other two
studies measured brain activity to money cues after dopa-
mine depletion [53], or brain activity to food image after

applying dopamine D3 antagonist [54]. The application of
dopamine-related tasks or drugs in these studies further
strengthened the confidence to use the BOLD signal as a
robust proxy for dopamine function.

Genetic techniques
The two primary genetic approaches have been to meas-
ure gene expression levels and to look for naturally
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occurring genetic polymorphisms in dopaminergic
genes. Three studies [55—57] analyzed mRNA expression
for dopamine receptors and dopamine transporter, while
the majority of studies examined the genetic polymor-
phisms coding for dopamine receptor D2 genes [58-61],
receptor D3 genes [60], receptor D4 genes [61-63], dopa-
mine transporter genes [59-61], and dopamine degrad-
ing enzyme COMT genes [59, 61, 64—66].

D2 receptor gene Several polymorphisms of the D2
receptor gene have been studied: (1) TaqlA C/T: the T
(A1) allele is associated with lower levels of D2 receptor
availability and binding affinity relative to the C (A2) allele
(67, 68]; (2) C957T: the T/T allele is associated with higher
D2 receptor availability and binding affinity compared to
C/T and C/C [69]; and (3) — 141 Ins/Del: the DelC minor
allele is associated with reduced D2 expression [70].

D3 and D4 receptor genes There are also polymorphisms
in the lesser studied D3 and D4 receptors. The Ser9Gly
variant is a functional polymorphic site in the D3 recep-
tor gene, which increases the D3 receptor binding affin-
ity for dopamine [71]. The D4 receptor contains a 48-base
pair region that occurs with a variable number of tandem
repeats in different individuals. This polymorphism is the
most extensively investigated. Compared to the 2-repeat
or 4-repeat allele, the 7-repeat (7R) allele decreases D4
receptor availability and binding affinity [72].

Dopamine transporter gene 'The dopamine transporter
gene also has a region with a variable number of tan-
dem repeats, and it is the most studied dopamine trans-
porter polymorphism. Relative to the 10-repeat allele, the
9-repeat allele is associated with lower dopamine trans-
porter expression, resulting in increased synaptic dopa-
mine levels for 9-repeat allele carriers [73].

COMT gene The gene encoding the dopamine degrad-
ing enzyme, COMT, contains a well-studied polymor-
phism (Val/Met) that influences the protein’s ability to
degrade extracellular dopamine. The Val allele has a 40%
higher enzymatic activity than the Met allele; therefore,
carriers of the Val/Val genotype degrade dopamine in the
prefrontal cortex more efficiently, resulting in lower syn-
aptic dopamine levels, compared to those with Met/Met
or Val/Met genotype [74].

Pharmacological technique

In pharmacological studies, several drugs including the
immediate dopamine precursor L-DOPA [75], dopamine
synthesis inhibitor (alpha-methyl-para-tyrosine [53, 76,
77]), dopamine transporter inhibitors (i.e., methylpheni-
date [47, 48, 78]; lisdexamfetamine [79, 80]; dasotraline
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[81]), dopamine receptor agonists (i.e., D1 agonist SKF
81297 [56]; D2 agonist quinpirole [56]), and dopamine
receptor antagonists (i.e.,, D1 receptor antagonist SCH
23390 [56, 82]; D2 receptor antagonist raclopride [82,
83]; D3 receptor antagonist GSK598809 [54]) have been
used to manipulate the dopamine levels and activities.

Studies that reported a hyperdopaminergic state in binge
eating

The hyperdopaminergic state (n=9) is characterized
by (1) two human case—control studies that reported
increased dopamine levels and higher dopamine recep-
tor availability/affinity in patients with binge eating than
those without binge eating; (2) five cross-sectional stud-
ies that showed positive associations of dopamine levels,
activities, and receptor availability/affinity with binge eat-
ing symptoms among healthy adults, community-based
adults, or adults with binge eating; and (3) two animal
studies that demonstrated dopamine receptor-blocked
or dopamine-depleted rats reduced or failed to develop
binge eating symptoms (Table 1).

Human case-control studies

One study [48] applied the PET technique among ten
patients with obesity and BED and eight controls with
obesity but not BED. PET scanning with ['C]raclo-
pride was conducted to measure extracellular dopamine
release in response to food or neutral stimulation, after
placebo or after oral methylphenidate (a dopamine trans-
porter inhibitor). Results revealed that under the condi-
tion of food stimuli and methylphenidate, binge eaters
showed significantly more dopamine release in the cau-
date compared to non-binge eaters, and the increased
dopamine release was significantly correlated with higher
binge eating severity.

Davis et al. [58] compared five polymorphisms in
the dopamine D2 receptor genes (e.g., TaqlA, C957T,
and — 141C ins/del) between 79 adults with obesity and
BED and 151 adults with obesity but without BED. The
results showed that participants with BED were more
likely to carry the A2/A2 allele of TaqlA and T allele of
C957T, which suggested that they had greater D2 recep-
tor availability/affinity compared to the controls without
BED.

Human cross-sectional studies

A research group from Spain analyzed the associa-
tions of three polymorphisms in the dopamine genes
(D2 receptor: TaqlA; D3 receptor: Ser9Gly; and dopa-
mine transporter: DAT1 variable number of tandem
repeats) with binge eating symptoms in patients with
BED (n=34) or BN (n=2380) [60]. Results revealed that
BED patients with the Ser9Gly variant (increases the D3
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receptor binding affinity for dopamine, 47% of the group)
showed more eating disorder-related psychopathology
than BED patients with the Ser9Ser variant. Neither of
the polymorphisms in the D2 receptor gene (TaqlA) or
dopamine transporter gene (DAT1) was associated with
symptom severity in the BED group.

In a study with 74 BN patients [62], the authors
examined the dopamine D4 receptor polymorphism, a
48-base pair region with a variable number of tandem
repeats (alleles are denoted 7R and non-7R, the 7R allele
decreases D4 receptor availability and binding affinity).
They found that 77% of BN patients carried non-7R/non-
7R alleles. In contrast, only 4.1% of BN patients carried
the 7R/7R allele. Furthermore, carriers of a combination
of the non-7R/non-7R with other D4 receptor alleles that
confer personality traits that are risk factors for binge
eating (e.g., attention deficit, borderline personality),
experienced more severe general psychopathology com-
pared to non-carriers.

In a study of 1003 community-based adults [65], the
authors examined the associations between COMT gene
polymorphisms and the likelihood of binge eating symp-
toms. They found that individuals carrying the Met allele
of the COMT gene (lower activity allele) were at a higher
risk for binge symptoms compared with Val/Val allele
carriers.

Davis et al. [59] examined whether a multilocus genetic
profile score based on six dopamine-related polymor-
phisms (e.g., D2 receptor: TaqlA; dopamine transporter:
DAT]1 variable number of tandem repeats; COMT: Val-
158Met) was associated with binge eating symptoms
in 120 adults. Results showed that a higher multilo-
cus genetic profile score, which reflected higher striatal
dopamine signaling, was linked to more binge eating
behaviors.

A small-scale study [78] of eight adults with obesity
(but without a diagnosed eating disorder) used electrore-
tinography to estimate brain dopamine activity after oral
food stimuli. The authors found that the cone electroreti-
nography response significantly increased to food stim-
uli, and the increased response was positively associated
with binge eating symptoms.

Animal studies

An animal study [75] used male rats that were either
dopamine-depleted (n=30) or dopamine-intact (n=15),
and the dopamine-depleted rats were further rand-
omized into the saline group (n=15) and L-DOPA group
(n=15). With the intermittent access paradigm, the rats
in the dopamine-intact and dopamine-depleted with
L-DOPA groups developed binge eating behaviors; how-
ever, the rats in the dopamine-depleted with saline were
non-responsive to the procedure. This result led to the

Page 10 of 26

conclusion that intact dopamine is necessary for driving
binge eating behaviors.

Another animal study [83] used female rats to evaluate
whether inhibiting D2 receptors by injecting the antago-
nist, raclopride, in the nucleus accumbens reduced binge
eating behaviors in binge-eating rats. With the intermit-
tent access paradigm, the rats who developed binge eat-
ing (n=16) were given an injection of raclopride (n=3)
or vehicle (n=8). Results showed that rats with intra-
nucleus accumbens raclopride injection demonstrated
reduced meal frequency, meal duration, and sucrose
solution intake compared to those with vehicle injec-
tion. Thus, the availability of dopamine D2 receptors in
the ventral striatum is necessary to maintain binge eating
behaviors in female rats.

Studies that reported hypodopaminergic state in binge
eating

The hypodopaminergic state (n=17) is characterized
by 1) six case—control studies that reported decreased
dopamine levels, reduced dopamine activities, and lower
dopamine receptor availability/affinity in patients with
binge eating compared to those without binge eating; 2)
two cross-sectional studies that showed negative associa-
tions between dopamine levels and binge eating symp-
toms in patients with BN or BED; 3) six RCTs and one
randomized crossover study that reported using dopa-
mine synthesis inhibitor triggered binge eating, or using
dopamine transported inhibitor reduced binge eating;
and 4) two animal studies that demonstrated lower dopa-
mine receptor levels/affinity in binge rats (Table 2).

Human case-control studies

Frank et al. [52] used fMRI to examine the brain activ-
ity in 20 females with BN and 23 healthy controls in a
temporal difference model during which participants
learned to associate three unconditioned taste stimuli
to a paired conditioned visual stimulus. In healthy sub-
jects, it is expected that dopamine levels will increase
in response to unexpected unconditioned stimuli, and
dopamine levels will decrease if the conditioned stimuli
are followed by an omission of the unconditioned stim-
uli. Results showed that BN individuals had a blunted
BOLD response (a proxy of dopamine function) to both
unexpected unconditioned stimuli and omission of
unconditioned stimuli in several brain areas (e.g., ven-
tral putamen, orbitofrontal cortex) compared to controls.
Furthermore, the reduced response was significantly cor-
related to binge/purge frequency.

A small-scale study [49] used PET scanning with
[*®F]fluorodopa to compare striatal dopamine synthe-
sis in seven adults with binge eating and obesity and 17
healthy-weight controls. Results revealed a 20% lower
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dopamine synthesis capacity in the nucleus accumbens
in the BED group compared to the control group.

Another study [47] conducted PET scanning with
[!'C]raclopride among 16 BN patients and 17 healthy
controls. The authors found that the BN group had
a blunted dopamine release to methylphenidate in
the putamen, and the blunted release was correlated
to a greater frequency of binge eating in the previous
28 days.

Frieling et al. [57] compared the peripheral expression,
which is believed to be somewhat reflective of brain sta-
tus, of dopamine D2 receptor, dopamine D4 receptor,
and dopamine transporter genes in 24 patients with BN
and 30 healthy controls. This study reported a down-
regulated mRNA expression of the D2 receptor gene and
an elevated mRNA expression of dopamine transporter
(which would result in less dopamine being available in
synapses) in the BN group compared to controls.

One study analyzed the soluble COMT in erythrocytes
with ten BN, ten BED, and ten controls [84]. Soluble
COMT is an isoform of COMT that is highly expressed
in peripheral tissues, and its activity is encoded for the
COMT gene. This study found that participants with
BED or BN had significantly higher soluble COMT activ-
ity compared to controls, which collaborate other studies
that reported high-activity allele of COMT (Val-allele) in
binge eating.

Another study also used peripheral levels of dopamine
to infer its central activities. This study compared the uri-
nary levels of dopamine between 75 female patients with
purging BN and 30 healthy controls [86], and found lower
24-h excretion of dopamine in patients with BN.

Human cross-sectional studies

Thaler et al. [61] examined the relationship between the
polymorphisms of dopamine-regulating genes (dopamine
transporter, COMT) and binge eating among 269 women
with spectrum-bulimia disorder. The authors found a
positive relationship between dopamine transporter
10-repeat allele (associated with higher dopamine trans-
porter expression) and higher levels of binge eating, and
that women with a COMT Val/Val genotype (degrades
dopamine at a faster rate, resulting in lower dopamine
levels) had higher levels of binge eating than did those
with a Met/Met genotype.

Likewise, a cross-sectional study [64] of 303 patients
with eating disorders (199 with AN, 74 with BN, and 30
with BED) found that BN patients who carried the Val-
allele of COMT gene had more severe psychopathology
compared to BN patients who carried the Met allele,
although no such association was found for the BED
patients.
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Human RCTs and randomized crossover study

A clinical trial [77] randomized 18 women with
remitted BN and 31 control women to receive alpha-
methyl-para-tyrosine (a dopamine synthesis inhibi-
tor) or placebo for at least seven days. Results showed
that subjects with remitted BN reported more bulimic
symptoms in the alpha-methyl-para-tyrosine condition
compared with the placebo condition. Two other stud-
ies [53, 76] from the same research group further dem-
onstrated that subjects with remitted BN had blunted
reward responsiveness not only after [76] but also
before administration of alpha-methyl-para-tyrosine
[53], suggesting a hypodopaminergic state in remitted
BN patients.

McElroy et al. [80] conducted a multi-site study to test
the efficacy of lisdexamfetamine dimesylate (a dopamine
transporter inhibitor) to treat moderate-to-severe BED.
Participants were randomized to receive placebo (n=63)
or 30 mg/d (n=66), 50 mg/d (n=65), or 70 mg/d (n=66)
of lisdexamfetamine dimesylate. Results showed that at
Week 11, participants treated with 50 and 70 mg/d lis-
dexamfetamine dimesylate demonstrated a significant
decrease in weekly binge eating frequency compared to
the control group. The results were replicated in another
RCT [79], which showed significant decreases in binge
eating frequency among adults with obesity and binge
eating who received lisdexamfetamine dimesylate treat-
ment compared to the placebo group at one week after
drug termination.

A 12-week RCT [81] evaluated the effect of dasotra-
line, a less specific serotonin-norepinephrine-dopamine
transporter inhibitor, in the treatment of BED. Patients
(n=491) who displayed moderate-to-severe BED were
randomized to a 4 mg/d dasotraline group, a 6 mg/d
dasotraline group, and a placebo group. Results revealed
that treatment with 6 mg/d dasotraline significantly
reduced weekly binge eating frequency and improved
BED-related symptoms at week 12.

Animal studies

One animal study [55] divided 44 male rats into three
groups: intermittent access binge group (n=28), daily
access group (n=38), and chow controls (n=38). The rats
in the binge group were further classified into binge eat-
ing prone (n=28), binge eating neutral (n=12), and binge
eating resistant (n=38) groups. Authors found lower D1,
D2, and D4 receptor mRNA expression in several brain
areas (e.g., nucleus accumbens, orbitofrontal cortex) in
binge eating prone rats compared to control rats. Addi-
tionally, there was a negative correlation between the D2
mRNA expression in nucleus accumbens and food con-
sumed in the binge rats.
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Corwin et al. [56] tested whether activating or inhibit-
ing D1 and D2 receptors in the prefrontal cortex altered
the binge eating behaviors of rats. Binge eating was
achieved by intermittent access to high-fat shortening,
and the authors found that although neither the injection
of D1 agonist nor the D1 antagonist into the prefrontal
cortex affected shortening intake, the D2 agonist and D2
antagonist significantly reduced and stimulated intake in
binge-eating rats, respectively.

Studies that reported unchanged dopaminergic state

in binge eating

The unchanged dopaminergic state (n=5) is character-
ized by 1) three case—control studies that reported no
difference of dopamine receptor availability/affinity in
patients with binge eating compared to those without
binge eating; 2) an RCT that showed no effect of dopa-
mine receptor antagonist on binge behaviors; and 3)
an animal study that demonstrated no effect of dopa-
mine receptor agonist or antagonist on binge behaviors
(Table 3).

Human case-control studies

In one study that included 206 women with a full thresh-
old or subthreshold BN and 102 healthy controls [85], the
authors analyzed the methylation (an epigenetic modi-
fication that can impact gene transcription and expres-
sion) of the dopamine D2 receptor gene, but found no
difference between the two groups. However, it is worth
mentioning that 45 of the participants in this study had
bipolar disorder or childhood abuse, and the D2 receptor
DNA methylation was significantly higher in those par-
ticipants compared to those without bipolar disorder or
childhood abuse.

In another case—control study of 240 females with BN
and 240 controls, the authors did not find any difference
between BN patients and controls in terms of D4 recep-
tor gene polymorphisms [63] or COMT allele frequencies
[66]. However, a subgroup of BN patients had a history of
attention deficit hyperactivity disorder, which could bias
the results.

Human RCTs

In an RCT [54] with 26 overweight and obese partici-
pants who reported binge eating behaviors, the par-
ticipants were given either a dopamine D3 receptor
antagonist or placebo and were exposed to high-fat and
general food images. However, fMRI results showed that
brain activation (e.g., ventral striatum, caudate, putamen)
to food images was not modulated by the D3 receptor
antagonist. Additionally, the D3 receptor antagonist had
no effect on self-reported eating behaviors.
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Animal studies

An animal study [82] did not find any effect of injecting
dopamine D1 (SCH23390) or D2 receptor antagonists
(raclopride) into the accumbens on food consumption in
male rats with or without a history of intermittent binge
access to palatable foods.

Discussion
This study reviewed the role of dopamine, including
dopamine levels, dopamine activities, dopamine regula-
tor levels/activities, and dopamine receptor availability/
affinity, in relation to binge eating among both humans
and animals. The primary finding is that the majority of
studies (26/31, 83.9%) documented an altered dopamin-
ergic state related to binge eating. However, the literature
is inconsistent concerning the direction of the alteration,
supporting either a hyperdopaminergic (9/26, 34.6%) or
a hypodopaminergic (17/26, 65.4%) state in binge eating.
The dissonance may be partially due to the complexity
of the dopamine system (e.g., bursting vs. phasic release)
[86] and the variability in sample characteristics (e.g.,
weight status, age, race), study design, diagnosis crite-
ria, and neuroimaging/genetic/pharmacological tech-
niques, making the interpretations of study findings less
straightforward. Additionally, the potential confound-
ers that may influence the reward system and dopamine
function (e.g., psychiatric diseases, medications, history
of dietary restraint, hunger/satiety) may also contribute
to the heterogeneity. In this review, although most stud-
ies excluded individuals with psychiatric diseases (e.g.,
major depression symptoms, post-traumatic stress dis-
order) and people who had a history of childhood abuse,
other studies included these individuals [52, 61, 63, 66,
85]. Because individuals with depression and post-trau-
matic stress disorder usually have diminished dopamine
function [87, 88], and those with childhood abuse usually
have elevated dopamine function [89], the inclusion of
people with these comorbidities may bias the results.
Another reason that can possibly explain the incon-
sistency is that this review included two distinct types of
eating disorders: BED and BN. Although both BED and
BN are marked by binge eating symptoms, BN addition-
ally requires using compensatory behaviors after binge
episodes (e.g., vomiting, using laxatives). Notably, the
few studies that have compared the etiology and neu-
ral underpinnings of BED and BN revealed that despite
a large magnitude of overlap [90], differences exist in
the severity of dopamine-related risk factors. For exam-
ple, patients with BED have been shown to have higher
reward sensitivity and less intense top-down control
to inhibit the increased food craving than those with
BN [91, 92], suggesting the possibility that dopamine
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may function differently in BED and BN. In this review,
among the eight studies that reported an altered dopa-
minergic state in the BED population, one half of the
studies supported the hyperdopaminergic state and the
other half supported a hypodopaminergic state but with
a stronger level of evidence from RCTs. A more consist-
ent trend was observed in the BN population with nine
out of ten studies supporting a hypodopaminergic state,
suggesting that dopamine may be downregulated in this
specific eating disorder. Future studies may benefit from
directly comparing the dopamine function among BED,
BN, and preferably purging-only groups to better under-
stand how dopamine contributes to binge-related eating
disorders.

Although there are possible explanations for the incon-
sistent findings, two hypotheses that could potentially
reconcile the inconsistency should be considered in
future studies. The first hypothesis is that instead of being
mutually exclusive, the hyperdopaminergic and hypo-
dopaminergic states may co-exist, but in different stages
of binge eating. This hypothesis is supported by the
observations in this review as well as similar conjectures
proposed in other disease conditions that are highly cor-
related with binge eating, such as obesity and substance
use disorder.

Among studies included in this review, although not
all of them reported the stage or severity of binge eat-
ing, the two studies [59, 78] conducted among commu-
nity-based adults who were completely or partially free
of diagnosed binge eating supported a positive associa-
tion between dopamine activity and binge eating symp-
toms. In contrast, eight studies [47, 49, 52, 57, 61, 79-81,
93] that included participants with moderate-to-severe
binge eating or participants with a long illness duration
(three being RCTs) supported a hypodopaminergic state
in binge eaters. Plus, the three studies that documented
a desensitized dopamine system in remitted BN patients
[53, 76, 77] provided further evidence of a hypodopa-
minergic state in the late stages of binge eating. These
results suggest that dopamine elevations may contribute
to the initiation of binge eating, but a downregulation
may occur after repeated bingeing, which perpetuates
the behavior. Notably, while no human study has longi-
tudinally examined dopamine function over the course of
binge eating, one animal study has investigated the over-
all neural activation in the nucleus accumbens among
female rats in early- and chronic- stages of binge eating
[94]. The study results suggested a hyper-neural activa-
tion to reward in the early stages of binge eating and a
decreased activation in the later stages of binge eating
[94].

The hypothesis of hyper- then hypodopaminergic state
in binge eating is also consistent with the reward-related
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models or theories in obesity (dynamic vulnerability
model), drug addiction (dopamine desensitization the-
ory), and alcohol use disorder (three-stage model). In
obesity literature, two opposing dopamine-related theo-
ries are debated—the reward surfeit and reward defi-
cit theories [95]. The former posits that greater reward
responsivity (greater dopamine signaling) to high-energy
foods increases the risk for obesity, while the latter pro-
poses the opposite [96, 97]. Stice et al. [96] reviewed pro-
spective studies that examined predictors of weight gain
and found convergent evidence supporting an associa-
tion between greater reward responsivity to high-calorie
foods and increased risk for future weight gain. On the
contrary, there was little evidence supporting such asso-
ciation for decreased reward responsivity. Therefore,
hypo-responsivity of reward is likely to represent the
consequence rather than a precursor of weight gain [96].

Binge eating is also highly correlated with substance
use disorder as the two disease conditions have a high
comorbidity (e.g., binge eaters are more likely to use alco-
hol and illicit drug compared to controls) [98, 99] and
share common symptomatology (e.g., an overwhelming
desire for food/substances, a feeling of “loss of control”
even in the face of adverse consequences, and preoccupa-
tion with thoughts of food/substances) [100], risk factors
(e.g., increased reward sensitivity, impulsivity, and dimin-
ished self-control), and neurobiological underpinnings
(e.g., interruptions in the dopaminergic pathways) [99,
100]. Therefore, the dopamine-related theories of sub-
stance use disorder may also apply to binge eating.

The dopamine desensitization theory of drug addiction
proposes that dopamine elevations occur in the initial
stages of addiction but not after repeated excessive intake
of drugs. Instead, the later stage of drug use is possibly
associated with a decreased dopamine release, reduced
dopamine D2 receptor availability, and downregulated
dopaminergic responses to drug cues [101-103]. Like-
wise, the three-stage model (binge/intoxication, with-
drawal/negative affect, and preoccupation/anticipation)
of alcohol dependence proposes that the binge/intoxica-
tion stage, which is characterized by positive reinforce-
ment processes and is dependent on dopamine release in
the right ventral striatum, lays the groundwork for initial
transition to addiction. Following chronic alcohol expo-
sure, the subsequent withdrawal/negative affect stage is
associated with compromised dopamine functions that
contribute to the decreased sensitivity to rewards and
alcohol tolerance [104, 105].

An alternate hypothesis to reconcile the inconsistent
findings is that the hyper- and hypodopaminergic states
represent two distinct pathways to binge eating, and
individual genotypes determine whether it is the hyper-
or hypodopaminergic state that confers a risk of binge
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eating [106]. This hypothesis was initially proposed in
the obesity research, and two studies from this review
appeared to provide support for distinct pathways.

As previously mentioned, both reward surfeit and
reward deficit theories exist to explain the development
of obesity. Despite that evidence overwhelmingly sup-
ported the reward surfeit theory, Stice et al. [97] tested
whether the TaqlA (dopamine D2 receptor gene) poly-
morphism moderated the relationship between reward
responsivity and body fat gain. The authors conducted a
food reward fMRI paradigm with milkshake as a stimulus
among 153 adolescents, and found that elevated caudate
response to milkshake receipt predicted body fat gain for
youth with a genetic propensity for the TaqlA A2/A2
allele (higher levels of D2 receptor availability and bind-
ing affinity), but lower caudate response predicted body
fat gain for youth with a genetic propensity for the TaqlA
A1 allele over a 3-year follow-up [97]. This finding sug-
gested that there were distinguishable subtypes of obesity
that can be predicted by dopamine genotypes.

In this review, two studies have compared the TaqlA
A1l and A2 allele between BED patients and healthy con-
trols, with one study reporting overrepresentation of
TaqlA Al [58] and the other reporting overrepresen-
tation of TaqlA A2 allele [60] in the BED group. This
inconsistency could be potentially solved by the possi-
bility that both hyperdopaminergic and hypodopamin-
ergic state predicts binge eating, but in individuals with
a genetic predisposition to higher and lower dopamine
signaling, respectively. However, this hypothetical inter-
action between individual genotype and dopamine func-
tion should be directly examined in future binge eating
studies.

This review has several limitations. First, results were
organized based on different dopaminergic states in
binge eating behaviors. While this structure makes the
opposing viewpoints stand out and emphasizes the pos-
sibility of the co-existence of hyper- and hypodopamin-
ergic states in binge eating, it may complicate the direct
comparisons between studies that used the same tech-
nique (e.g., neuroimaging, genetic) or adopted a similar
study design (e.g., case—control, RCT). Additional limi-
tations are mostly limitations that are inherent in the
included studies, including small sample size, lack of con-
trol for confounding variables in some studies, and the
absence of longitudinal studies that cover different stages
of binge eating (e.g., onset, maintenance, remission).
Moreover, it should be noticed that only a few studies
reported the specific brain areas where dopamine altera-
tions occur, and no study functionally correlated the
alterations to corresponding risk factors of binge eating.
This limitation precludes a clear understanding of what
aberrant dopamine functions contribute to the initiation
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or maintenance of binge eating. Studies from substance
use disorder have provided useful clues for the deline-
ation of specific brain areas and dopamine functions in
different disease stages. For example, the three-stage
model of alcohol dependence elaborates that the three
stages—binge/intoxication, withdrawal/negative affect,
and preoccupation/anticipation—map onto disturbances
in three major neurocircuits (basal ganglia, extended
amygdala, and frontal cortex, respectively), which cor-
respond to three functional domains characterized by
excessive incentive salience/habit formation, negative
emotional states, and dysregulation of executive func-
tion [107-109]. Given the correlation between substance
use and binge eating, this three-stage model implies the
potential to further characterize dopamine function in
the process of binge eating, which would ultimately facili-
tate the prevention and treatment of this problematic
eating behavior.

Conclusion

In conclusion, although most studies have supported
altered dopamine levels, dopamine activities, dopa-
mine regulator levels/activities, or dopamine receptor
availability/affinity related to binge eating, the direction
of the alteration is unclear. Future studies may benefit
from a careful control of confounding variables that may
influence dopamine functioning (e.g. psychiatric dis-
eases). Furthermore, longitudinal studies are needed to
test whether there is a shift from hyperdopaminergic to
hypodopaminergic state as binge eating progresses and
whether individual genotypes modulate the relation-
ship between dopamine and binge eating, which are two
hypotheses that may potentially reconcile the inconsist-
ent findings.
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