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Anorexia nervosa (AN), bulimia nervosa (BN), and binge eating disorder (BED) are the

three most common eating disorders (EDs). Their etiopathogenesis is multifactorial where

both the environmental and genetic factors contribute to the disease outcome and

severity. Several polymorphisms in genes involved in the dopaminergic pathways seem

to be relevant in the susceptibility to EDs, but their role has not been fully elucidated yet. In

this study, we have analyzed the association between selected common polymorphisms

in theDRD2 andDRD4 genes in a large cohort of Italian patients affected by AN (n= 332),

BN (n = 122), and BED (n = 132) compared to healthy controls (CTRs) (n = 172). Allelic

and genotypic frequencies have been also correlated with the main psychopathological

and clinical comorbidities often observed in patients. Our results showed significant

associations of the DRD2-rs6277 single nucleotide polymorphism (SNP) with AN and

BN, of the DRD4-rs936461 SNP with BN and BED and of DRD4 120-bp tandem repeat

(TR) polymorphism (SS plus LS genotypes) with BED susceptibility. Moreover, genotyping

of DRD4 48-bp variable number TR (VNTR) identified the presence of ≥7R alleles as risk

factors to develop each type of EDs. The study also showed that ED subjects with a

history of drugs abuse were characterized by a significantly higher frequency of the DRD4

rs1800955 TT genotype and DRD4 120-bp TR short-allele. Our findings suggest that

specific combinations of variants in the DRD2 and DRD4 genes are predisposing factors

not only for EDs but also for some psychopathological features often coupled specifically

to AN, BN, and BED. Further functional research studies are needed to better clarify the

complex role of these proteins and to develop novel therapeutic compounds based on

dopamine modulation.
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INTRODUCTION

Eating disorders (EDs), divided into eight categories according
to the Diagnostic and Statistical Manual of Mental Disorders
Fifth Edition (DSM-V) (1), are serious psychiatric illnesses and
they have been increased over the past 50 years (2). Anorexia
nervosa (AN), bulimia nervosa (BN), and binge eating disorder

(BED) are the three most common severely debilitating disorders
with high morbidity and mortality rates among adolescents (3).
Unfortunately, there is still much to be learned about EDs: their
etiopathogenesis, their development, their treatment (4), and

more importantly, their genetic background are crucial points to
be clarified (5). Twin, family, and adoption studies have shown
that EDs are heritable (6). Different and independent research
works demonstrated that the risk of developing AN is ∼11-fold
greater for a first-degree relative of individuals with AN or BN
than for the general population (7, 8). The relative risk for BN is
around 4 times greater for female relatives of affected probands
(7, 8). Moreover, twin studies estimated a hereditability between
56 and 74% for AN (9, 10), 47% for BN (11), and between 41
and 57% for BED (12, 13). There are also numerous evidence
regarding the multi-factorial nature of EDs where environmental
factors, psychological and traumatic conditions as well as
epigeneticmechanisms contribute to the disease etiopathogenesis
(2). The polygenic component of EDs susceptibility has been
thoroughly investigated over the past 30 years with candidate
genes association studies and, more recently, using genome-
wide association approaches (GWAS), which identified several
susceptibility loci (14–17). Among the identified pathways, many
papers have focused on the dopaminergic system genes (18–20),
but their association with EDs has not been yet fully elucidated.
Dopamine (DA) is a catecholamine neurotransmitter highly
expressed in the central nervous system (CNS) and implicated in
a wide array of brain functions, including those regulating food
intake (21). Malfunction of the DA system has been associated
with a number of psychiatric illnesses, such as schizophrenia
(22, 23), maniac depressive, and attention-deficit/hyperactivity
disorders (24, 25). In the hypothalamus, DA release is associated
with the duration of meal consumption and dysfunction of DA
receptors has been suggested to predispose to EDs by altering
the feeding behavior (26), by disturbing reward associated with
food intake (27), and by distorting of body shape and image
(28). Based on these evidences, genes coding for enzymes,
receptors, and transporters involved in DA pathways have been
considered crucial candidates for genetic association studies in
patients affected by EDs, including AN, BN, and BED. DA acts
by binding five different dopamine receptors (DRDs) that are
members of G protein-coupled receptors divided into two major
families: the D1-like family (DRD1 and DRD5) and the D2-
like family (DRD2, DRD3, and DRD4). The first family D1-like
receptors activate the adenylyl cyclase and increase the second
messenger cyclic adenosine monophosphate (cAMP), while the
D2-family inhibits the adenylyl cyclase reducing cAMP (29,
30). The DRD2 gene (MIM#126450), localized on chromosome
11 q22-q23, encodes for a seven-transmembrane G protein-
linked receptor that binds DA (31). This receptor has been
extensively associated with drug addiction, alcoholism, substance

abuse (32). The expression of DRD2 is regulated in cis by
the adjacent ankyrin repeat and kinase domain containing 1
(ANKK1, MIM#608774) gene, located proximal to DRD2 (33).
Both the DRD2 and ANKK1 genes have been significantly
associated with EDs in several studies (27, 34–36). In particular,
a specific single nucleotide polymorphism (SNP) in the DRD2
gene (C957T, rs6277), has been associated with changes in
DRD2 availability and DA neurotransmission (37–39), and T-
allele homozygosity has been found highly correlated with BED
risk and enhanced DA neurotransmission (34). Moreover, the
A-allele (also called A1/A1 or A1/A2 genotype) of rs1800497
SNP, in the ANKK1 gene, has been associated with a reduction
of D2/D3 receptors expression and activity (33, 40) and it was
significantly more frequent in the obese group than in lean
controls (36), contrarily to patients with BED that showed a
higher proportion of homozygotes GG (A2-allele) (34). The
DRD4 gene (MIM#126452), localized on chromosome 11p15.5
is highly polymorphic and it is one of the most studied genes
not only in vitro, but also in animal models (41, 42). Several
studies have demonstrated a correlation between EDs and an
SNP located in the promoter region ofDRD4 (C521T, rs1800955);
notably, the C allele was associated with personality traits related
to AN, and in particular, is correlated with perfectionism (42,
43). DRD4 gene contains four exons and the third one has a
polymorphic sequence characterized by a variable number of
tandem repeats, known as 48-bp VNTR. Allele frequencies of
different repeats differ among several human populations (44,
45). The 4-repeat (4R) is the most common repeat in the human
population (more than 60%), followed by 7-repeat (7R) (around
20%) and 2-repeat (2R) alleles. The most interesting allele is 7R
that has been shown to reduce the expression of the receptor
(46) and its affinity for DA (47). This repeated polymorphism
has been strongly associated with overeating, obesity (48–51),
drug abuse, and related comorbidities (19). Women carrying at
least one copy of 7 or more repeats (>7R) showed an increased
body mass index (BMI), with the highest BMI values observed in
7R/7R homozygotes (52). The same genotype (7R/7R) was also
associated with a greater risk for AN [odds ratio (OR) = 3.83]
(53). Another interesting polymorphism is the 120-base pair (bp)
TR, located in the promoter region ofDRD4. This polymorphism
consists of a long (L) and a short (S) allele with opposite effects
on theDRD4 expression level: the L-allele is a negative modulator
whereas the S-allele induces higher transcriptional levels of the
gene (54). Interestingly, the S-allele has been associated with the
AN binging/purging subtype but not with the AN restrictive
subtype (42). Moreover, patients with AN carrying the S-allele
displayed significantly higher weight and height than patients
not having the S-variant (53). Strong evidence suggest also a
correlation betweenDRD4 and some psychopathological features
in patients with BN (55). Different SNPs in the DRD4 gene may
predispose to BN, aggravate its clinical course, or reflect other
comorbidities in these patients (49).

In this complex scenario, the aim of this study was to
further explore the role of the DA pathway in the genetic
susceptibility to the three main EDs in a large, strictly selected
cohort of Italian patients affected by AN (n = 332), BN (n
= 122), and BED (n = 132), compared to healthy controls
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(n = 172). Six functional polymorphic sites in the DRD2,
ANKK1, and DRD4 genes have been analyzed: four SNPs (DRD2
ANKK1-rs1800497, DRD2-rs6277, DRD4-rs936461, and DRD4-
rs1800955), one TR (DRD4-120bp), and one VNTR (DRD4-
48bp TR). Allelic and genotypic frequencies have been correlated
not only with the risk of developing EDs but also with
psychopathological and clinical comorbidities often observed
in patients.

MATERIALS AND METHODS

Ethics Statement
The clinical sample consisted of 586 Caucasian unrelated patients
with ED and 172 healthy controls (CTRs) without a lifetime
history of EDs and/or other psychiatric disorders and substance
abuse, consecutively recruited in Italy. All participants provided
written informed consent prior to inclusion in this project and
were treated in accordance with the Declaration of Helsinki. For
data protection and confidentiality, all participants were assigned
with a unique research identifier alpha-numeric code. The study
protocol and the research process were assessed and approved
by the Ethics Committee of the Aziende Sanitarie (CEAS) della
Regione Umbria, Italy.

Patients and CTRs Recruitment
EDs subjects were admitted in the residential facility for at
least 3 months. They all fulfilled the DSM-V criteria for EDs
and were divided into three major groups: AN restrictive
subtype (n = 332), BN (n = 122), and BED (n = 132).
The clinical diagnosis was verified by psychiatrists with a
long expertise in EDs. They used the DSM-V criteria and
assessed patients during a face-to-face interview. The evaluation
of patient’s psychopathological features was performed during
the first week of hospitalization in the Department of
Eating Disorder, Palazzo Francisci (USL 1 Umbria, Todi,
Italy). Exclusion criteria for the admission, determined upon
screening, includedmental retardation, dementia, schizophrenia,
Turner’s syndrome, other neurological disorders, and underlying
endocrine pathologies.

The study protocol was approved by the Ethics CEAS della
Regione Umbria (Italy) and was conducted in accordance with
the Declaration of Helsinki and its subsequent revisions. Blood
samples of all patients were collected from October 2012 to
November 2019 in the Department of Eating Disorder, Palazzo
Francisci. After obtaining their consent, specific questionnaires
and tests were provided to every patient to define the
clinical characteristics (Table 1). All participants were white
Italian subjects with a severe ED diagnosis. Gender, age,
BMI, and all clinical characteristics of patients with EDs
are reported in Table 1. The occurrence of binge eating
and self-induced vomiting, have been reported when the
episodes were at least seven per week to stress a severe or
extreme condition.

In addition, 172 CTRs from the same geographical area as the
patients, were recruited. Interviews and physical examinations
were carried out to ensure that they had never been diagnosed
as having any kind of EDs and/or psychiatric disorders and to

TABLE 1 | Clinical characteristics of patients with eating disorders (EDs) [anorexia

nervosa (AN), bulimia nervosa (BN), and binge eating disorder (BED)] included in

this study.

AN BN BED

Sex (% female) 98.2 95.9 88.5

Age years (mean

± SD)

22.48 ± 8.85 26.68 ± 9.7 40.06 ± 19.18

BMI (mean ± SD) 14.3 ± 1.98 18.2 ± 4.62 42.33 ± 10.8

Secondary

Amenorrhea (%)

88.5 52.9 20.4

Amenorrhea

duration in months

(mean ± SD)

29.6 ± 42.8 17.35 ± 18.71 7.9 ± 7.67

Menarche age in

years (mean ± SD)

12.59 ± 2.35 12.74 ± 2.39 12.03 ± 1.62

Food

restriction (%)

98 93.9 50.7

Water

restriction (%)

43.4 25.5 13.6

Fasting 66.9 67.6 25.4

Diet pills (%) 8.8 28.2 23.5

Binge eating ≥7

episodes/week (%)

– 96 80.3

Vomit ≥7

episodes/week (%)

– 91 3.2

Alcohol abuse (%) 12.1 10 5.4

Laxative abuse (%) 28.6 39.6 9

Diuretics

abuse (%)

7.2 16 7.6

Drug abuse (%) 7 16.3 10.4

Excessive physical

activity (%)

75.5 60 20.3

ensure that the BMI was in the range of normality during all their
life (18.5–24.9 kg/m2).

Genomic DNA Extraction
Genomic DNA was isolated from 300 µl of whole anticoagulated
peripheral blood samples using a commercially gDNA Mini
Kit (Geneaid) according to the manufacturer’s instructions. The
gDNA was quantified using the NanoDrop system and 100 ng
of each sample was run in 0.8% agarose gel electrophoresis
in 1X TBE buffer at 90V for 45min to verify the integrity
of gDNA.

Genotyping of DRD2 and DRD4 SNPs
Genotyping of DRD2/ANKK1-rs1800497, DRD2-rs6277,
DRD4-rs936461, and DRD4-rs1800955 has been performed
using the following TaqMan SNP Genotyping Assays (Thermo
Fisher Scientific, Waltham, MA, USA): C___7486676_10;
C__11339240_10; C___7470693_30; C___7470700_30. Ten
ng of the template gDNA was used for the assays. All the
samples were analyzed with 7500 Real-Time PCR (Applied
Biosystem) apparatus using the recommended cycling
conditions: denaturation phase (95◦C for 15min) followed
by annealing and extension 50 cycles (60◦C for 1 h and 30min),
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as previously described (56). Each run was performed including
positive controls (wildtype, heterozygous, and homozygous
variant genotypes).

Genotyping of DRD4-120bp TR and
DRD4-48bp VNTR
The DRD4-120bp TR polymorphism was assayed
according to methods described by Seaman
et al. (45). Primer sequences used are: sense 5′-
GTTGTCTGTCTTTTCTCATTGTTTCCATTG−3′ and
antisense 5′-GAAGGAGCAGGCACCGTGAGC-3′. The
amplification products were electrophoresed on a 2% agarose
gel and visualized by ethidium bromide staining. The PCR
reaction yields distinct bands at 429 bp (120-bp S, short allele)
and 549 bp (120-bp L, long allele). The exon 3 DRD4-48bp
VNTR polymorphism was assayed as described by Mitsuyasu
et al. (57), with slight modifications. PCR amplification was
performed in a volume of 30 µl containing 50 ng genomic DNA;
1µM of each primer; 100µM each of dATP, dTTP, dCTP, and
7-deaza-2′-deoxyguanosine 5′-triphosphate; 1.5mM MgCl2;
10%DMSO; and 1 unit of GoTaq Hot Start Polymerase (Promega
Corporation, Madison, Wisconsin, USA). The primer sequences
used were: sense 5′-AGGTGGCACGTCGCGCCAAGCTGCA-
3′; antisense, 5′-TCTGCGGTGGAGTCTGGGGTGGGAG-3′.
This analysis discriminates variant alleles containing one (1R) to
ten (10R) repeats, which have been secondly grouped according
to the presence or not of the 7R or more repeats alleles. DNA
was denatured at 99◦C for 2min prior to the addition of other
components. The master mix was assembled and incubated
with the samples, then, 40 cycles (95◦C for 20 s, 56◦C for
30 s, and 72◦C for 50 s), with a final step at 72◦C for 7min
were performed in a Veriti 96-well thermal cycler (Thermo
Fisher Scientific, Massachusetts, USA). The PCR products
were electrophoresed on a 3% agarose gel and visualized by
ethidium bromide staining. Random samples were sequenced for
length confirmation.

Statistical Analysis
Genotypes frequencies were tested for the Hardy—Weinberg
equilibrium (HWE). Differences in genotypes and alleles
frequencies between cases and controls were evaluated by
Pearson’s chi-squared test. A p ≤ 0.05 was considered
significant. A correlation analysis between the genotypes and the
clinical/phenotypes was performed first in each ED group and
after in the whole cohort of patients with ED. Since we have
analyzed eleven clinical variables (the behavioral phenotypes), we
have used a Bonferroni correction to determine the significance
threshold (P < 0.005). ORs and 95% CIs were calculated.
The ANOVA test was used to compare BMI values among
the different genotypic classes. All statistical analyses were
performed by the SPSS program, version 25 (IBM Corporation,
Armonk, New York, USA). In addition, haplotypes for
significantly associated polymorphisms (DRD2-rs6277, DRD4-
rs936461, 48-bp VNTR, and 120-bp TR) were inferred using
the Haploview version 4.2 program. Differences in haplotype
distribution between cases and controls were evaluated by the
chi-squared test.

RESULTS

Demographic and Behavioral
Characteristics of the Study Cohort
Our analysis included 586 patients affected by EDs: 332
patients with AN restrictive subtype, 122 patients with BN
and 132 patients with BED, and 172 patients with CTRs.
Descriptive analyses of the demographic and behavioral data
of the participants are given in Table 1. All the subjects
during recruitment have filled out a questionnaire with different
queries about: sex, age, BMI, secondary amenorrhea, amenorrhea
duration, menarche age, food restriction, water restriction,
fasting, diet pills, binge eating, vomit, alcohol abuse, laxative
abuse, diuretics abuse, drug abuse, and excessive physical activity.
“Yes” or “No” was the first possible range of responses. If “Yes,”
they might indicate total months for secondary amenorrhea
duration and for the other answers (food restriction, water
restriction, fasting, diet pills, binge eating, vomit, alcohol abuse,
laxative abuse, diuretics abuse, and drug abuse) might specify the
number of episodes per week.

The age at onset was 22.48 ± 8.85 in AN, 26.68 ± 9.7 in
BN, and 40.06 ± 19.18 in BED. The mean age at recruitment
for CTRs was 33.16 ± 10.87. Women were prevalent in patients
with EDs and in CTRs with the following frequencies: 98.2%
in AN, 95.9% in BN, 88.5% in BED, and 84.5% in CTRs. The
BMI values (kg/m2) at hospitalization were 14.3 ± 1.98 for AN,
18.2 ± 4.62 for BN, and 42.33 ± 10.8 for BED. Moreover, 76.2
% of AN had a BMI < 16 kg/m2. This testifies that 3 out 4
patients with AN had a severe or extreme severity, based on BMI
value (DMS-V). At the same time also some patients with BN
showed a BMI under 18.5 kg/m2 and this is possible due to a
possible diagnostic crossover from AN purging subtype and BN
during the lifetime history of the disease. The CTRs had a normal
BMI (21.26 ± 2). The secondary amenorrhea was prevalent in
AN (88.5%), followed by BN (52.9%) and BED (20.4%). The
primary amenorrhea was not required as it does not increase
diagnostic specificity and moreover, it has been removed as a
diagnostic criterion in DMS-V. Food restriction was a behavioral
characteristic present in almost all AN (98%), in a large group
of BN (93.9%) and in half of the BED group (50.7%). When
we referred to dietary restriction behavior, we want to mean a
qualitative and quantitative behavior: eating fewer meals per day,
higher frequency of fasting, consuming small meals, and only
low-calorie foods. In the survey, the criterion for food restriction
to standardize all answers is: eating <1,000 kcal/die and patients
may answer Yes or No. Water restriction was a condition almost
present in extreme patients (43.4% of AN, 25.5% of BN, and
13.6% of BED). Patients, in particular affected by AN, decide to
reduce water intake for the incessant worry over gaining weight.
But sometimes, all the biological functions are impaired and
patients lose the sense of thirst. In any case, the water restriction
is indicated in the questionnaire as drink <0.5 L/die. In the
survey, fasting common in AN and BN (around 67%) is defined
as skipping at least one meal/day. Binge eating was not present
in patients with AN, but were common traits for BN and BED
with an incidence of 7 or more episodes/week in 96% of BN,
and in 80.3% of BED, respectively. Inappropriate compensatory

Frontiers in Nutrition | www.frontiersin.org 4 March 2022 | Volume 9 | Article 838177

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Ceccarini et al. DRD2 and DRD4 in Eating Disorders

behavior (self-induced vomiting) was absent in AN and present
in 91% of BN and 3.2% of BED. Seven episodes/week threshold
for binge eating and purging episodes have been chosen because
we wanted to include only patients with a severe or extreme
grade of disease. In particular, in BN when the inappropriate
compensatory behaviors are ≥ 7/week the clinical picture is
very severe: electrolyte decompensation, such as sodium, and
sometimes gastrointestinal problems.

Alcohol, diuretics, and drug abuse were unusual, in general
present <10% in all patients. The laxative abuse was the most
common with an incidence of 28.6% in AN, 39.6% in BN, and 9%
in BED. The excessive physical activity is linked to a large portion
of patients, in particular, AN (75.5%) and BN (60%), less present
in BED (20.3%).

Genotypes and Alleles Frequencies of
Polymorphisms in DRD2 and DRD4 Genes
In this study, we have investigated 4 common SNPs
(DRD2/ANKK1-rs1800497; DRD2-rs6277; DRD4-rs936461;
DRD4-rs1800955), one TR (DRD4-120bp TR), and one VNTR
(DRD4-48 bp VNTR) and their possible association with EDs
in a large cohort of Italian patients. We have not observed
deviations from HWE for all the genetic variants analyzed in
the CTRs. The distribution of the different genotypes and alleles
frequencies in patients with AN, BN, and BED and in CTRs is
shown in Table 2.

Among the analyzed polymorphisms, the case-control
association analysis revealed significant associations for the
DRD2-rs6277 and DRD4-rs936461 SNPs. The variant allele
(C) of rs6277 SNP in DRD2 gene seems to be a risk allele; it
was significantly more present in patients with AN and then
in CTRs, with an OR = 1.42 (95% CI 1.08–1.86; p = 0.011)
and OR = 1.77 (95% CI 1.26–2.48; p = 0.0009), respectively.
Whereas, the minor allele (A) of DRD4-rs936461, was associated
with a lower risk of developing BN and BED, with an OR=
0.65 (95% CI 0.46–0.91; p = 0.011) and OR = 0.73 (95% CI
0.52–1; p = 0.05), respectively. A significant association was
found between the DRD4-120bp TR polymorphism and the
BED susceptibility. Indeed, the homozygous and heterozygous
genotypes (SS plus LS genotypes) were significantly more
present in BED than in CTRs (OR = 2.65; 95% CI 1.59–4.4; p
= 0.0001). Genotyping of DRD4-48bp VNTR polymorphism
identified 9 different alleles (Supplementary Table 1): from
one (1R) to ten (10R) repeats. Among them, only the 7R
or more (≥ 7R) alleles are associated with a higher risk of
developing EDs. The distributions of subjects carrying no
≥ 7R allele, one ≥ 7R allele, or two ≥ 7R alleles, are shown
in Table 3.

The presence of ≥7R allele seems to be associated with a
higher risk to develop each type of EDs (AN: OR = 2.09;
95% CI 1.2–3.62; p = 0.008; BN: OR = 2.6; 95% CI 1.67–
4.99; p = 0.003; BED: OR = 2.77; 95% CI 1.47–5.25; p =

0.001). We also inferred the haplotypes among the DRD2-
rs6277, DRD4-rs936461, DRD4-48bp VNTR, and DRD4-120bp
TR, but the comparison of haplotypes combinations between
patients with ED and CTRs did not improve the statistical

significance obtained from single SNPs association analysis (see
Supplementary Figure 1).

Finally, we have performed a counting of the risk alleles
comparing their distribution between cases and controls
(Figure 1). In this analysis, the following has been considered
as risk alleles: C variant allele of DRD2-rs6277, 48bp VNTR ≥7
repeats, and 120 bp L allele in DRD4 gene. As expected, the
class with four or more risk alleles was significantly more present
in cases than in CTRs, showing a significantly higher risk to
develop EDs for subjects carrying a higher load of such alleles [p
= 0.003, OR= 6.74 (0.87–52.34) in AN; p= 0.017 and OR= 9.59
(1.14–80.8) in BN; p= 0.02 and OR= 9.31 (1.11–78.47) in BED].

Correlation Analyses Between DRD2/DRD4
Genotypes and Behavioral/Clinical
Phenotypes of Patients With ED
Our cohort of patients consists of three EDs subtypes (AN,
BN, and BED) typically showing a wide variety of behavioral
and clinical associated comorbidities. We, therefore, decided
to carry out a genetic correlation analysis between DRD2 and
DRD4 genetic polymorphisms and the following behavioral
phenotypes: diuretics, diets pills, laxative and drug abuses, food
restriction, water restriction, fasting, alcohol abuse, excessive
physical activity in all three groups, while vomit and binge eating
reward with a frequency of≥7 times/week observable in patients
with BN ad BED only. Significant results are shown in Table 4.

A significant association was found between the TT genotype
of DRD4-rs1800955 and diuretics abuse in patients with AN
(OR = 3.85; 95% CI 1.52–10; p = 0.003). In patients with BN,
those carrying the DRD4-120bp TR S-allele showed a higher
predisposition to abuse of diet pills (OR = 4.17; 95% CI 1.61–
10.76; p = 0.002). Patients with BED homozygous for the G-
allele of ANKK1-rs1800497 exhibited a significant association
with binge eating episodes (OR = 7.69; 95% CI 2.08–29.4; p
= 0.001). Correlation analysis in the whole patients with EDs
cohort further confirms a significant association between DRD4-
rs1800955 (TT genotype) and diuretics abuse (OR= 2.86; 95%CI
1.47–5.55; p = 0.001). Moreover, patients with EDs with at least
one copy of the DRD4-120bp TR short-allele showed a higher
susceptibility to abuse of diets pills (OR= 2.55; 95%CI 1.45–4.48;
p < 0.001) and drugs (OR= 3.19; 95% CI 1.52–6.71; p= 0.001).

Our correlation analysis also included the BMI expressed in
kg/m2. BMI was under the normal cut-off value of 18.5 in AN
(mean = 14.3 ± 1.98), almost in the range with few exceptions
in BN (mean = 18.2 ± 4.62) and always above 30 (the limit
of overweight) in patients with BED (mean = 42.33 ± 10).
ANOVA analysis was used to investigate the association between
DRD2 and DRD4 polymorphisms and BMI values in each ED
group. Interestingly, patients with BED carrying the DRD4-
rs936461A allele showed a higher BMI value compared with GG
homozygotes (p < 0.0001, Figure 2A). In addition, the patients
with BED carrying the DRD4-120bp TR short-allele (LS plus
SS genotypes) showed statistically significant higher BMI than
homozygotes for the 120 bp TR long-allele (LL genotype) (p =

0.04, Figure 2B). There were no significant genetic correlations
of DRD2 and DRD4 with BMI values in AN and BN groups.
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TABLE 2 | ANKK1, DRD2, and DRD4 genotypes and alleles distribution in ED patients (AN, BN, and BED) and healthy controls (CTRs): casecontrol association analysis.

Genotypes N P* P** OR** (95%CI) Alleles P*** OR*** (95% CI)

ANKK1 rs1800497 GG GA AA G A

AN 221 (66.6%) 102 (30.7%) 9 (2.7%) 332 0.17 0.16 1.34 (0.89–2) 544 (72%) 120 (18%) 0.35 1.18 (0.83–1.66)

BN 90 (73.8%) 31 (25.4%) 1 (0.8%) 122 0.23 0.84 0.95 (0.56–1.6) 211 (86.5%) 33 (13.5) 0.47 0.84 (0.53–1.34)

BED 97 (73.5%) 34 (25.8%) 1 (0.8%) 132 0.19 0.88 0.96 (0.58–1.6) 228 (86.4%) 36 (13.6%) 0.48 0.85 (0.54–1.34)

CTRs 125 (72.7%) 40 (23.3%) 7 (10.1%) 172 290 (84.3) 54 (15.7%)

DRD2 rs6277 AA AG GG A G

AN 108 (32.5%) 174 (52.4%) 50 (15.1%) 332 0.008 0.002 1.80 (1.24–2.63) 390 (58.7%) 274 (41.3%) 0.011 1.42 (1.08–1.86)

BN 31 (25.4%) 68 (55.7%) 23 (18.9%) 122 0.001 0.0003 2.55 (1.54–4.23) 130 (53.3%) 114 (46.7%) 0.0009 1.77 (1.26–2.48)

BED 49 (37.1%) 60 (45.5%) 23 (17.4%) 132 0.22 0.1 1.47 (0.93–2.34) 158 (59.8%) 106 (40.2%) 0.14 1.31 (0.92–1.86)

CTRs 80 (44.5%) 70 (40.7%) 22 (12.8%) 172 230 (66.9%) 114 (33.1%)

DRD4 rs936461 GG GA AA G A

AN 107 (32.2%) 165 (49.7%) 60 (18.1%) 332 0.66 0.37 0.83 (0.56–1.24) 379 (57.1%) 285 (42.9%) 0.4 0.89 (0.69–1.16)

BN 53 (43.4%) 52 (42.6%) 17 (13.9%) 122 0.025 0.007 0.51 (0.32–0.84) 158 (64.8%) 86 (35.2%) 0.011 0.65 (0.46–0.91)

BED 56 (42.4%) 52 (39.4%) 24(18.2%) 132 0.031 0.01 0.54 (0.33–0.87) 164 (62.1%) 100 (37.9%) 0.05 0.73 (0.52–1)

CTRs 49 (28.3%) 90 (52%) 34 (19.7%) 172 188 (54.3%) 158 (45.7%)

DRD4 rs1800955 TT TC CC T C

AN 91 (27.2%) 168 (50.8%) 73 (22.1%) 332 0.65 0.60 0.89 (0.98–1.36) 350 (52.7%) 314 (47.3%) 0.37 0.89 (0.68–1.15)

BN 39 (32%) 60 (49.2%) 23 (18.9%) 122 0.26 0.19 0.71 (0.42–1.19) 138 (56.6%) 106 (43.4%) 0.1 0.76 (0.55–1.06)

BED 24 (18.2%) 77 (58.3%) 31 (23.5%) 132 0.24 0.16 1.5 (0.86–2.63) 125 (47.4%) 139 (52.6%) 0.57 1.1 (0.8–1.52)

CTRs 43(25%) 85(49.4%) 44(25.6%) 172 171 (49.7%) 173 (50.3%)

VNTR 120bp L LS S L S

AN 162 (50.3%) 142 (44.1%) 18 (5.6%) 322 0.12 0.17 0.77 (0.53–1.12) 466 (72.4%) 178 (27.6%) 0.07 0.77 (0.58–1.02)

BN 65 (54.6%) 48 (40.3%) 6 (5%) 119 0.11 0.07 0.65 (0.40–1.03) 178 (74.8%) 60 (25.2%) 0.04 0.68 (0.47–0.98)

BED 30 (22.7%) 98 (74.2%) 4 (3%) 132 <0.001 0.0001 2.65 (1.59–4.4) 158 (60.4%) 106 (39.6%) 0.08 1.35 (0.97–1.89)

CTRs 74 (43.8%) 78 (46.2%) 17 (10.1%) 169 226 (66.9%) 112 (33.1%)

*Comparison among the three genotypic classes.
**Comparison among heterozygotes and variant homozygotes (combined together) vs. wildtype homozygotes.
***Comparison among alleles.

P-values in bold indicate significant associations.
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TABLE 3 | Analysis of DRD4-48 bp VNTR: comparison of the frequency of 7 or more repeats (≥7 R) alleles in cases (AN, BN, and BED) and healthy controls (CTRs).

Presence of 7R (or more repeats) alleles P3cat P2cat OR (95% CI)

Number of subjects

with no allele ≥7R

Number of subjects

with one allele ≥7R

Number of subjects

with two alleles ≥7R

AN 244 (79%) 56 (18.1%) 9 (2.9 %) 0.028 0.008 2.09 (1.2–3.62)

BN 81 (75%) 25 (23.1%) 2 (1.9%) 0.008 0.003 2.6 (1.67–4.99)

BED 82 (73.9%) 26 (23.4%) 3 (2.7%) 0.005 0.001 2.77 (1.47–5.25)

CTRs 149 (88.7%) 16 (9.5%) 3 (1.8%)

P2cat, The analysis has been performed combining together subjects carrying 1 copy or 2 copies of 7R (or more) alleles in comparison with subjects carrying no 7R (or more) alleles

(including therefore 1R, 2R, 3R, 4R, 5R, and 6R).

FIGURE 1 | Distribution of DRD2 and DRD4 risk alleles risk in cases [patients with anorexia nervosa (AN), bulimia nervosa (BN), and binge eating disorder (BED)] and

healthy controls (CTRs). The variant allele of DRD2-rs6277, ≥7 repeats of the DRD4- 48bp variable number tandem repeat (VNTR), and S allele of DRD4-120bp TR

were included as risk alleles.

DISCUSSION

The increasing number of publications reporting genetic
association studies in patients with ED has produced both
important true association results and negative or controversial
results. Most of the reported discrepancies can be justified by
the heterogeneity of the clinical phenotypes and by the different
ethnicities of the individuals analyzed. One major strength of
our work is the selection of three homogeneous large cohorts
of patients with EDs exclusively recruited in Italy compared
to strictly selected age and sex-matched controls. These

sample cohorts have been already studied by our group (58)
demonstrating a positive association between EDs susceptibility
and two candidate genes: 5-HT2AR and BDNF (56). In this
report, we further broaden these findings with the analysis of the
DRD2 and DRD4 genes, encoding for DRDs already associated
with AN and BED susceptibility (34, 52, 59). We found that the C
allele of rs6277 in theDRD2 gene represents a risk for developing
AN and BN, but not BED, in accordance with previous results
(34, 59). Indeed, the C allele of rs6277 (C957T) has been
associated with AN susceptibility (59) whereas a significantly
higher frequency of the TT genotypes was found in patients with
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FIGURE 2 | Evaluation of body mass index (BMI) among carriers of DRD4- rs936461 GG, GA, and AA genotypes (A) and DRD4-120bp TR LL, LS, and SS genotypes

(B) in BED patients. Statistical comparisons were performed by one-way ANOVA with post-hoc correction by the Tukey method. ***p < 0.001 vs. carriers of

rs936461A-allele and *p < 0.05 vs. carriers of DRD4-120bp TR short-allele. All values are mean ± SD.

TABLE 4 | Significant findings of the genotype–phenotype correlation analysis.

AN Phenotype p OR (95% CI)

DRD4 rs1800955 (TT vs. TC + CC) Diuretics abuse 0.003 3.85 (1.52–10)

BN

DRD4 VNTR 120bp (LS + S vs. L) Diets pills 0.002 4.17 (1.61–10.76)

BED

ANKK1 rs1800497 (GG vs. GA + AA) Binge eating 0.001 7.69 (2.08–29.4)

All cases

DRD4 rs1800955 (TT vs. TC + CC) Diuretics abuse 0.001 2.86 (1.47–5.55)

DRD4 VNTR 120bp (LS + S vs. L) Diets pills <0.001 2.55 (1.45–4.48)

Drugs abuse 0.001 3.19 (1.52–6.71)

BED (34). The rs6277 polymorphism can affect the folding of
DRD2 mRNA in vitro with functional effects on the stability
and the translation efficiency of DRD2 transcript (37). The
presence of rs6277 T-allele has been associated with a relevant
decrease in the protein synthesis level indicating a reduction in
DRD2 mRNA translation efficiency (37). Furthermore, human
studies have demonstrated that the C allele is associated with
both low striatal DRD2 availability (38) and with high extra-
striatal DRD2 density throughout the cortex and the thalamus
(39). These observations indicate that the rs6277C allele could
regulate the DRD2 availability in different brain regions thus
explaining the clinical features linked to the dopaminergic system
dysregulation observed in patients with ED (39, 60). For the
first time, we observed a strong association between rs936461
SNP (A809G) in the promoter region of DRD4 gene and two
specific EDs subgroups: BN and BED. Patients carrying the
minor rs936461 A-allele are less prone to develop both BN and
BED. Moreover, we also found an interesting relationship of
this SNP with BMI in BED, with the highest BMI values in AA
homozygotes.DRD4 promoter region SNPs have been previously

investigated in a trios study, including 202 AN women, mainly
from Israel (divided in binging/purging and restrictive subtypes)
showing biased non-transmission of rs936461 A-allele and only a
partial transmission (no significance was found in AN restrictive
subtype) of rs1800955 C-allele (42). In our case-control study, we
did not confirm the association of rs1800955 C-allele with AN.
However, the different populations analyzed and the different
approaches used for the association study (trios vs. case-control
study) make the above-reported study hardly comparable with
the present work.

A significant association between the DRD4-120bp TR

polymorphism and BED susceptibility was found. Indeed, SS and
SL genotypes were significantly more present in BED than in
CTRs. The location of the polymorphism in the 5’ regulatory

region of the DRD4 gene within potential transcription factor
binding sites suggests that different alleles might confer

differential transcriptional activity of the gene. Indeed, the longer
L allele has lower transcriptional activity than the shorter S
allele (54). The 120-bp TR polymorphism has been previously
reported to influence cue-elicited craving for food, with DRD4
L allele carriers showing significantly decreased levels of craving

on subsequent eating trials compared to DRD4 S allele carriers
(26). Reactivity to food cues is associated with binge eating and
BMI (61). Accordingly, we found a higher BMI in patients with

BED carrying SS or SL genotypes compared to LL homozygotes,
suggesting that this polymorphism in the DRD4 gene could
influence cue-elicited craving for food. We also found a strong

association of≥7R alleles of theDRD4-48bp VNTR with all three
subgroups of EDs, with the highest significance in BED subjects.

Our data are in line with previous reports (49, 50, 60) and confirm
that genetic variations in the DA pathways are able to modify the
overall risk for EDs. The ≥7R alleles have been associated with
binge eating behavior in women with seasonal affective disorders
(50) and influence body weight regulation in women with BN
(48). Compulsive food intake has been associated with low brain
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DA release and activity in particular in Ventral Tegmental Area
(VTA) (62–64). In obese rodents, this condition has been linked
to compulsive food intake (65). Preclinical and clinical studies in
humans have provided evidence of decreases in DA signaling in
VTA that was related to a dramatic increase in the consumption
of high-fat foods (63, 64). In this context, previous studies have
indicated that the presence of 7R allele of DRD4-48bp VNTR
has been associated with a reduced expression and activity of
the receptor (46, 47). The 7R variant encodes for a receptor
with a lower intracellular response to DA, and 7R carriers might
be more tempted to overconsume drugs or palatable food thus
enhancing DA levels in the brain. Several conflicting results
emerge from this study, one is the lack of association between the
ANKK1-rs1800497 and EDs. The A-allele (sometimes indicated
A1) has been often associated with obesity, abnormal feeding,
and craving behavior, such as abuse of alcohol and cocaine
(27, 36, 66). Obesity and BED have common characteristics but
they are unrelated disorders that need to be distinguished also
for a personalized therapeutic approach. In fact, overeating in
patients with BED is a result of brain reward cascade dysfunction,
usually linked with hypodopaminergic function andANKK1may
play an important role in modifying dopaminergic signaling
(67). Indeed, Davis and co-workers found a prevalence of G/G
(A2/A2) genotype in patients with BED (34) and Palacios et al.
indicated that individuals with binge eating phenotype presented
the G allele more frequently, in comparison with patients with
obesity and no BED phenotype (68). Among 132 patients with
BED analyzed, we only found a significant association of the G
allele within the group that declared to resort to binge eating
episodes ≥7 times/week. We, therefore, hypothesize that the
rs1800497 SNP could alter the reward pathways leading to a
wide spectrum of addictive, compulsive, and impulsive behaviors
typical of binge eating episodes observed in our cohort of patients
with BED.

Data on the influence of DA genes polymorphisms on the
psychopathological features displayed by patients with EDs are
still lacking, especially in comparison with the abundance of
the paper published on serotonergic polymorphisms. Emerging
evidence suggest that the neural mechanisms implicated in the
appetitive motivation for drugs and those involved in appetitive
motivation for the food show the same core features (69, 70).
This supports the “food addiction” hypothesis according to
which, both drugs of abuse and food consumption activate
the same brain pathway where the dopaminergic signaling is
the principal neurotransmission system involved in reward and
motivation (27, 69). Indeed, pathologically obese individuals
showed a reduced level of striatal DRD2 similarly to drug-
addicted subjects, likely reflecting their decreasedmaturation and
surface expression. Moreover, DRD2 was found to be inversely
correlated with the BMI in patients with obesity (71, 72). It
is therefore possible to that the decrease in DRD2 predispose
to search for reinforces, either drug in drug-addicted subjects
or food in patients with obesity, to temporarily compensate
for a decreased sensitivity of DA rereward circuits. Recently,
DRD4 has been suggested to be an attractive target for the
treatment of neuropsychiatric diseases (73–77), including EDs,
but more information is needed. For the first time, we report
a correlation between the DRD4-rs1800955 SNP and diuretics

abuse in the three cohorts of patients with ED, not only in
patients with AN, as previously reported. This SNP is located
within the DRD4 promoter region and Okuyama et al. showed a
reduced transcriptional efficiency of the T allele compared to the
−521C variant in human retinoblastoma cell lines, suggesting
a role in dopaminergic neurotransmission (78). It is therefore
possible to argue that the positive association between TT
homozygous subjects and diuretic abuse in our ED cohort could
be explained by a behavioral phenotype linked to a severe DA
neurotransmission dysfunction. Interestingly, the DRD4-120bp
TR polymorphism, already linked with BED andwith higher BMI
in our analysis, was also associated with diets pills and drugs
abuse predisposition. Among patients with BN, those carrying
the S allele (LS plus SS genotypes) showed a higher risk to
use diet pills. This tendency is likewise present in the whole
cohort of patients with EDs that show a higher predisposition
not only for diet pills but also to drugs abuse. As previously
described in the text, this link could be ascribed to the enhanced
transcriptional activity of the short allele compared with the long
one (54). Patients carrying SS or SL genotype are more prone
to drugs abuse suggesting a link between the DRD4-120bp TR
polymorphism and drug-related cues for obtaining a reward.
This study might also provide some useful issues regarding the
possibility to develop novel therapeutic compounds for EDs
and associated phenotypes. The treatment of these disorders
presents several obstacles including patients’ compliance with
treatment and the limited set of treatments options. Like other
psychiatric disorders, interdisciplinary approaches, including
cognitive-behavioral therapy (CBT), as well as intrapersonal
therapy (IPT), are often combined with pharmacotherapy (79).
Pharmacotherapy has the potential to improve EDs pathology
outcomes and increase long-term compliance with effective
long-term treatment, which is a significant challenge not only
for patients, but also for health care providers. Unfortunately,
pharmacotherapy options available for EDs are limited and
rather rely on the “repurposing” of existing FDA-approved
medications for other psychiatric illnesses to include EDs
treatment. To date, only BN and BED have benefited from
repurposing two existing FDA-approved medications, fluoxetine,
and lisdexamfetamine, respectively (80, 81). These treatments
are overall safe with some treatment-emergent adverse effects
that include insomnia, headache, and an increase in heart rate
and blood pressure associated with a longer length of therapy.
This “repurposing” approach could be potentially beneficial for
finding a pharmacotherapy also for AN and study results for
olanzapine, a second-generation antipsychotic, are promising
(82). However, even with prolonged clinical treatment aimed
at normalizing feeding patterns and attitudes toward food, the
remission rates for EDs are still <50%. This underlines the
urgent need to develop better research-based treatment options
designed at normalizing eating patterns and mitigating factors
involved in the susceptibility to EDs. In this context, our results
provide further evidence on the importance of the DRD4 gene
as a predisposing factor to develop EDs, making this gene a
promising target for the treatment of EDs and more in general
of substance use disorders. Indeed, DRD4 is widely expressed
in the prefrontal cortex and hypothalamus where it might
modulate food intake and eating behavior. The development

Frontiers in Nutrition | www.frontiersin.org 9 March 2022 | Volume 9 | Article 838177

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Ceccarini et al. DRD2 and DRD4 in Eating Disorders

of selective and potent DRD4 agonists and antagonists might
represent a new pharmacological approach for the management
of these diseases and have been evaluated in animal studies with
unclear results. Experiments on rat models indicate that the
use of DRD4 agonists directed injected into the paraventricular
nucleus of the hypothalamus, induced hyperphagia whereas the
administration of a DRD4 antagonist completely prevented this
effect, although it was inactive on food intake when administered
alone (83). Therefore, more comprehensive translational research
approaches are needed to clarify the influence of DRD4 activation
or blockade in food intake and eating behavioral phenotypes.

CONCLUSION

In summary, we have shown that variations in genes participating
in the DA pathways are able to modify the risk for AN, BN,
and BED. Moreover, rs1800955 and 120-bp TR polymorphism
of the DRD4 gene could contribute to some of the psycho-
pathological features observed in patients with EDs, in particular
the predisposition to diuretic, diet pills, and drug abuse.

DRD4 agonists and antagonists have been indicated as a useful
approach in the treatment of drug addiction and other addictive
behaviors with unclear results (84). Further functional studies
are warranted to establish possible implications of our data in
promoting the discovery of new pharmacological compounds
for the EDs treatment and their comorbidities. In this scenario,
DRD2 and DRD4 genes are really attractive and promising
targets, in particular for the BED subgroup (85). Olanzapine, a
DRD2 antagonist, was already used in AN treatment and other
DRDs agonists are under consideration as potential drugs (86).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board Ethics Committee of
Aziende Sanitarie (CEAS) della Regione Umbria Prot. No.
29616/12/AV. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

MC and TB conceptualized the study. MC, SF, FC, and
EG contributed to investigation. MC and SF validated the
study. EG contributed to formal analysis. CC contributed
to statistical analysis. MC, SF, CC, and MB interpretated
the data. MC, SF, CC, and AB contributed to original
draft preparation. TB and LD contributed to supervision.
MB contributed to project administration. MC, SF, and
AB contributed to writing, reviewing, and editing. All
authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

We thank all the patients with EDs and their families for
participation in this genetic study. We really appreciated the
work and the collaboration of all the healthcare professionals for
the invaluable help during patient enrolment. In particular, we
thank Dott.ssa Valentina Benfatti and Dott.ssa Kathleeen Ortenzi
for their passion and their help.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
838177/full#supplementary-material

REFERENCES

1. American Psychiatric Association. Diagnostic and Statistical Manual of

Mental Disorders: DSM-5. Arlington, VA: American Psychiatric Association

(2013). doi: 10.1176/appi.books.9780890425596

2. Treasure J, Duarte TA, Schmidt U. Eating disorders. Lancet. (2020) 395:899–

911. doi: 10.1016/S0140-6736(20)30059-3

3. Smink FRE, van Hoeken D, Hoek HW. Epidemiology of eating disorders:

incidence, prevalence and mortality rates. Curr Psychiatry Rep. (2012) 14:406–

14. doi: 10.1007/s11920-012-0282-y

4. Davis LE, Attia E. Recent advances in therapies for eating disorders. F1000Res.

(2019) 8:F1000 Faculty Rev−1693. doi: 10.12688/f1000research.19847.1

5. Paolacci S, Kiani AK, Manara E, Beccari T, Ceccarini MR, Stuppia L, et al.

Genetic contributions to the etiology of anorexia nervosa: new perspectives

in molecular diagnosis and treatment. Mol Genet Genomic Med. (2020)

8:e1244. doi: 10.1002/mgg3.1244

6. Yilmaz Z, Hardaway JA, Bulik CM. Genetics and epigenetics of eating

disorders. Adv Genomics Genet. (2015) 5:131–50. doi: 10.2147/AGG.S55776

7. Lilenfeld LR, Kaye WH, Greeno CG, Merikangas KR, Plotnicov

K, Pollice C, et al. A controlled family study of anorexia nervosa

and bulimia nervosa: psychiatric disorders in first-degree relatives

and effects of proband comorbidity. Arch Gen Psychiatry. (1998)

55:603–10. doi: 10.1001/archpsyc.55.7.603

8. Strober M, Freeman R, Lampert C, Diamond J, Kaye W. Controlled

family study of anorexia nervosa and bulimia nervosa: evidence

of shared liability and transmission of partial syndromes. Am

J Psychiatry. (2020) 157:393–401. doi: 10.1176/appi.ajp.157.

3.393

9. Bulik CM, Sullivan PF, Tozzi F, Furberg H, Lichtenstein P, Pedersen

NL. Prevalence, heritability, and prospective risk factors for anorexia

nervosa. Arch Gen Psychiatry. (2006) 63:305–12. doi: 10.1001/archpsyc.63.

3.305

10. Klump KL, Miller KB, Keel PK, McGue M, Iacono WG. Genetic

and environmental influences on anorexia nervosa syndromes

in a population-based twin sample. Psychol Med. (2001) 31:737–

40. doi: 10.1017/S0033291701003725

11. Bulik CM, Sullivan PF, Wade TD, Kendler KS. Twin studies

of eating disorders: a review. Int J Eat Disord. (2000) 27:1–

20. doi: 10.1002/(SICI)1098-108X(200001)27:1<1::AID-EAT1>3.0.CO;2-Q

12. Javaras KN, Pope HG, Lalonde JK, Roberts JL, Nillni YI, Laird M, et al. Co-

occurrence of binge eating disorder with psychiatric and medical disorders. J

Clin Psychiatry. (2008) 69:266–73. doi: 10.4088/JCP.v69n0213

Frontiers in Nutrition | www.frontiersin.org 10 March 2022 | Volume 9 | Article 838177

https://www.frontiersin.org/articles/10.3389/fnut.2022.838177/full#supplementary-material
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1016/S0140-6736(20)30059-3
https://doi.org/10.1007/s11920-012-0282-y
https://doi.org/10.12688/f1000research.19847.1
https://doi.org/10.1002/mgg3.1244
https://doi.org/10.2147/AGG.S55776
https://doi.org/10.1001/archpsyc.55.7.603
https://doi.org/10.1176/appi.ajp.157.3.393
https://doi.org/10.1001/archpsyc.63.3.305
https://doi.org/10.1017/S0033291701003725
https://doi.org/10.1002/(SICI)1098-108X(200001)27:1$<$1::AID-EAT1$>$3.0.CO
https://doi.org/10.4088/JCP.v69n0213
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Ceccarini et al. DRD2 and DRD4 in Eating Disorders

13. Thornton LM, Mazzeo SE, Bulik CM. The heritability of eating disorders:

methods and current findings. Curr Top Behav Neurosci. (2011) 6:141–

56. doi: 10.1007/7854_2010_91

14. Bulik CM, Blake L, Austin J. Genetics of eating disorders: what

the clinician needs to know. Psychiatr Clin North Am. (2019) 42:59–

73. doi: 10.1016/j.psc.2018.10.007

15. Watson HJ, Yilmaz Z, Thornton LM, Hübel C, Coleman JRI, Gaspar A,

et al. Genome-wide association study identifies eight risk loci and implicates

metabo-psychiatric origins for anorexia nervosa. Nat Genet. (2019) 51:1207–

14. doi: 10.1038/s41588-019-0439-2

16. Munn-Chernoff MA, Johnson EC, Chou YL, Coleman JRI, Thornton LM,

Walters K, et al. Shared genetic risk between eating disorder- and substance-

use-related phenotypes: evidence from genome-wide association studies.

Addict Biol. (2021) 26:e12880. doi: 10.1111/adb.12880

17. González LM, García-Herráiz A, Mota-Zamorano S, Flores I, Albuquerque

D, Gervasini G. Variability in cannabinoid receptor genes is associated with

psychiatric comorbidities in anorexia nervosa. Eat Weight Disord. (2021)

26:2597–606. doi: 10.1007/s40519-021-01106-7

18. Bello NT, Hajnal A. Dopamine and binge eating behaviors. Pharmacol

Biochem Behav. (2010) 97:25–33. doi: 10.1016/j.pbb.2010.04.016

19. Botticelli L, Micioni Di Bonaventura E, Del Bello F, Giorgioni G, Piergentili A,

Romano A, et al. Underlying susceptibility to eating disorders and drug abuse:

genetic and pharmacological aspects of dopamine D4 receptors. Nutrients.

(2020) 12:2288. doi: 10.3390/nu12082288

20. Volkow ND, Wise RA, Baler R. The dopamine motive system:

implications for drug and food addiction. Nat Rev Neurosci. (2017)

18:741–52. doi: 10.1038/nrn.2017.130

21. Meguid MM, Fetissov SO, Varma M, Sato T, Zhang L, Laviano A, et al.

Hypothalamic dopamine and serotonin in the regulation of food intake.

Nutrition. (2000) 16:843–57. doi: 10.1016/S0899-9007(00)00449-4

22. Seeman P, Guan HC, Van Tol HH. Dopamine D4 receptors elevated in

schizophrenia. Nature. (1993) 365:441–5. doi: 10.1038/365441a0

23. Tarazi FI, Zhang K, Baldessarini RJ. Dopamine D4 receptors:

beyond schizophrenia. J Recept Signal Transduct Res. (2004)

24:131–47. doi: 10.1081/RRS-200032076

24. Arnsten AF. Stimulants: therapeutic actions in ADHD.

Neuropsychopharmacology. (2006) 31:2376–83. doi: 10.1038/sj.npp.1301164

25. Howes OD, Kapur S. The dopamine hypothesis of schizophrenia:

version III—the final common pathway. Schizophr Bull. (2009)

35:549–62. doi: 10.1093/schbul/sbp006

26. Sobik L, Hutchison K, Craighead L. Cue-elicited craving for food: a

fresh approach to the study of binge eating. Appetite. (2005) 44:253–

61. doi: 10.1016/j.appet.2004.12.001

27. Volkow ND, Fowler JS, Wang GJ, Swanson JM. Dopamine in drug abuse

and addiction: results from imaging studies and treatment implications. Mol.

Psychiatry. (2004) 9:557–69. doi: 10.1038/sj.mp.4001507

28. Rask-Andersen M, Olszewski PK, Levine AS, Schiöth HB. Molecular

mechanisms underlying anorexia nervosa: focus on human gene association

studies and systems controlling food intake. Brain Res. (2010) 62:147–

64. doi: 10.1016/j.brainresrev.2009.10.007

29. Civelli O, Bunzow JR, Grandy DK. Molecular diversity of

the dopamine receptors. Annu Rev Pharmacol Toxicol. (1993)

33:281–307. doi: 10.1146/annurev.pa.33.040193.001433

30. Ye N, Neumeyer JL, Baldessarini RJ, Zhen X, Zhang A. Update 1 of: recent

progress in development of dopamine receptor subtype-selective agents:

potential therapeutics for neurological and psychiatric disorders. Chem Rev.

(2013) 113:PR123–78. doi: 10.1021/cr300113a

31. Grandy DK, Litt M, Allen L, Bunzow JR, Marchionni M, Makam H, et al. The

human dopamine D2 receptor gene is located on chromosome 11 at q22-q23

and identifies a TaqI RFLP. Am J Hum Genet. (1989) 45:778–85.

32. Masiak J, Chmielowiec J, Chmielowiec K, Grzywacz A. DRD4, DRD2,

DAT1, and ANKK1 genes polymorphisms in patients with dual diagnosis of

polysubstance addictions. J Clin Med. (2020) 9:3593. doi: 10.3390/jcm9113593

33. Laakso A, Pohjalainen T, Bergman J, Kajander J, Haaparanta M,

Solin O, et al. The A1 allele of the human D2 dopamine receptor

gene is associated with increased activity of striatal L-amino acid

decarboxylase in healthy subjects. Pharmacogenet Genomics. (2005)

15:387–91. doi: 10.1097/01213011-200506000-00003

34. Davis C, Levitan RD, Yilmaz Z, Kaplan AS, Carter JC, Kennedy JL.

Binge eating disorder and the dopamine D2 receptor: genotypes and sub-

phenotypes. Prog Neuropsychopharmacol Biol Psychiatry. (2012) 38:328–

35. doi: 10.1016/j.pnpbp.2012.05.002

35. Stice E, Spoor S, Bohon C, Small DM. Relation between obesity and blunted

striatal response to food is moderated by TaqIA A1 allele. Science. (2008)

322:449–52. doi: 10.1126/science.1161550

36. Ariza M, Garolera M, Jurado MA, Garcia-Garcia I, Hernan I, Sánchez-

Garre C, et al. Dopamine genes (DRD2/ANKK1-TaqA1 and DRD4-7R)

and executive function: their interaction with obesity. PLoS ONE. (2012)

7:e41482. doi: 10.1371/journal.pone.0041482

37. Duan J, Wainwright M.S., Comeron J.M., Saitou N, Sanders A.R., Gelernter

J, et al. Synonymous mutations in the human dopamine receptor D2 (DRD2)

affect mRNA stability and synthesis of the receptor. Hum Mol Genet. (2003)

12:205–16. doi: 10.1093/hmg/ddg055

38. Hirvonen M, Laakso A, Någren K, Rinne JO, Pohjalainen T, Hietala

J. C957T polymorphism of the dopamine D2 receptor (DRD2) gene

affects striatal DRD2 availability in vivo. Mol Psychiatry. (2004) 9:1060–

1. doi: 10.1038/sj.mp.4001561

39. Hirvonen MM, Laakso A, Någren K, Rinne JO, Pohjalainen T, Hietala J.

C957T polymorphism of dopamine D2 receptor gene affects striatal DRD2

in vivo availability by changing the receptor affinity. Synapse. (2009) 63:907–

12. doi: 10.1002/syn.20672

40. Eisenstein SA, Bogdan R, Love-Gregory L, Corral-Frías NS, Koller JM, Black J,

et al. Prediction of striatal D2 receptor binding by DRD2/ANKK1 TaqIA allele

status. Synapse. (2016) 70:418–31. doi: 10.1002/syn.21916

41. Rubinstein M, Phillips TJ, Bunzow JR, Falzone TL, Dziewczapolski

G, Zhang G, et al. Mice lacking dopamine D4 receptors are

supersensitive to ethanol, cocaine, and methamphetamine. Cell. (1997)

90:991–1001. doi: 10.1016/S0092-8674(00)80365-7

42. Bachner-Melman R, Lerer E, Zohar AH, Kremer I, Elizur Y, Nemanov

L, et al. Anorexia nervosa, perfectionism, and dopamine D4 receptor

(DRD4). Am J Med Genet Neuropsychiatr Genet. (2007) 144B:748–

56. doi: 10.1002/ajmg.b.30505

43. Munafò MR, Yalcin B, Willis-Owen SA, Flint J. Association of the

dopamine D4 receptor (DRD4) gene and approach-related personality

traits: meta-analysis and new data. Biol Psychiatry. (2008) 63:197–

206. doi: 10.1016/j.biopsych.2007.04.006

44. Chang FM, Kidd JR, Livak KJ, Pakstis AJ, Kidd KK. The world-wide

distribution of allele frequencies at the human dopamine D4 receptor locus.

Hum Genet. (1996) 98:91–101. doi: 10.1007/s004390050166

45. Seaman MI, Fisher JB, Chang F, Kidd KK. Tandem

duplication polymorphism upstream of the dopamine D4

receptor gene (DRD4). Am J Med Genet. (1999) 88:705–

9. doi: 10.1002/(SICI)1096-8628(19991215)88:6<705::AID-AJMG22>3.0.CO;2-F

46. Schoots O, Van Tol HH. The human dopamine D4 receptor

repeat sequences modulate expression. Pharmacogenomics. (2003)

3:343–8. doi: 10.1038/sj.tpj.6500208

47. Asghari V, Sanyal S, Buchwaldt S, Paterson A, Jovanovic V, Van

Tol HH. Modulation of intracellular cyclic AMP levels by different

human dopamine D4 receptor variants. J Neurochem. (1995) 65:1157–

65. doi: 10.1046/j.1471-4159.1995.65031157.x

48. Levitan RD, Kaplan AS, Davis C, Lam RW, Kennedy JL. A season-

of-birth/DRD4 interaction predicts maximal body mass index in

women with bulimia nervosa. Neuropsychopharmacology. (2010)

35:1729–33. doi: 10.1038/npp.2010.38

49. Gervasini G, Gonzalez LM, Gamero-Villarroel C, Mota-Zamorano

S, Carrillo JA, Flores I, et al. Effect of dopamine receptor D4

(DRD4) haplotypes on general psychopathology in patients with

eating disorders. Gene. (2018) 654:43–8. doi: 10.1016/j.gene.2018.

02.035

50. Levitan RD, Masellis M, Basile VS, Lam RW, Kaplan AS, Davis C,

et al. The dopamine-4 receptor gene associated with binge eating and

weight gain in women with seasonal affective disorder: an evolutionary

perspective. Biol Psychiatry. (2004) 56:665–9. doi: 10.1016/j.biopsych.2004.

08.013

51. Levitan RD, Jansen P, Wendland B, Tiemeier H, Jaddoe VW, Silveira PP, et al.

A DRD4 gene by maternal sensitivity interaction predicts risk for overweight

Frontiers in Nutrition | www.frontiersin.org 11 March 2022 | Volume 9 | Article 838177

https://doi.org/10.1007/7854_2010_91
https://doi.org/10.1016/j.psc.2018.10.007
https://doi.org/10.1038/s41588-019-0439-2
https://doi.org/10.1111/adb.12880
https://doi.org/10.1007/s40519-021-01106-7
https://doi.org/10.1016/j.pbb.2010.04.016
https://doi.org/10.3390/nu12082288
https://doi.org/10.1038/nrn.2017.130
https://doi.org/10.1016/S0899-9007(00)00449-4
https://doi.org/10.1038/365441a0
https://doi.org/10.1081/RRS-200032076
https://doi.org/10.1038/sj.npp.1301164
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1016/j.appet.2004.12.001
https://doi.org/10.1038/sj.mp.4001507
https://doi.org/10.1016/j.brainresrev.2009.10.007
https://doi.org/10.1146/annurev.pa.33.040193.001433
https://doi.org/10.1021/cr300113a
https://doi.org/10.3390/jcm9113593
https://doi.org/10.1097/01213011-200506000-00003
https://doi.org/10.1016/j.pnpbp.2012.05.002
https://doi.org/10.1126/science.1161550
https://doi.org/10.1371/journal.pone.0041482
https://doi.org/10.1093/hmg/ddg055
https://doi.org/10.1038/sj.mp.4001561
https://doi.org/10.1002/syn.20672
https://doi.org/10.1002/syn.21916
https://doi.org/10.1016/S0092-8674(00)80365-7
https://doi.org/10.1002/ajmg.b.30505
https://doi.org/10.1016/j.biopsych.2007.04.006
https://doi.org/10.1007/s004390050166
https://doi.org/10.1002/(SICI)1096-8628(19991215)88:6<705::AID-AJMG22>3.0.CO;2-F
https://doi.org/10.1038/sj.tpj.6500208
https://doi.org/10.1046/j.1471-4159.1995.65031157.x
https://doi.org/10.1038/npp.2010.38
https://doi.org/10.1016/j.gene.2018.02.035
https://doi.org/10.1016/j.biopsych.2004.08.013
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Ceccarini et al. DRD2 and DRD4 in Eating Disorders

or obesity in two independent cohorts of preschool children. J Child Psychol

Psychiatry. (2017) 58:180–8. doi: 10.1111/jcpp.12646

52. Sikora M, Gese A, Czypicki R, Gasior M, Tretyn A, Chojnowski J,

et al. Correlations between polymorphisms in genes coding elements of

dopaminergic pathways and body mass index in overweight and obese

women. Endokrynol Pol. (2013) 64:101–7.

53. Gervasini G, Gordillo I, Garcia-Herráiz A, Flores I, Jiménez M, Monge M,

et al. Influence of dopamine polymorphisms on the risk for anorexia nervosa

and associated psychopathological features. J Clin Psychopharmacol. (2013)

33:551–5. doi: 10.1097/JCP.0b013e3182970469

54. D’Souza UM, Russ C, Tahir E, Mill J, McGuffin P, Asherson J,

et al. Functional effects of a tandem duplication polymorphism in

the 5’flanking region of the DRD4 gene. Biol Psychiatry. (2004)

56:691–7. doi: 10.1016/j.biopsych.2004.08.008

55. Thaler L, Groleau P, Badawi G, Sycz L, Zeramdini N, Too A, et al.

Epistatic interactions implicating dopaminergic genes in bulimia

nervosa (BN): relationships to eating- and personality-related

psychopathology. Prog Neuropsychopharmacol Biol Psychiatry. (2012)

39:120–8. doi: 10.1016/j.pnpbp.2012.05.019

56. Ceccarini MR, Tasegian A, Franzago M, Patria FF, Albi E, Codini M, et al. 5-

HT2AR and BDNF gene variants in eating disorders susceptibility. Am J Med

Genet B Neuropsychiatr Genet. (2020) 183:155–63. doi: 10.1002/ajmg.b.32771

57. Mitsuyasu H, Hirata N, Sakai Y, Shibata H, Takeda Y, Ninomiya H, et al.

Association analysis of polymorphisms in the upstream region of the human

dopamine D4 receptor gene (DRD4) with schizophrenia and personality

traits. J Hum Genet. (2001) 46:26–1. doi: 10.1007/s100380170120

58. La Bella V, Gizzi G, Albi E, Codini M, Marucci S, Dalla Ragione L, et al.

Vitamin D3 as possible diagnostic marker of eating disorders. EuroBiotech J.

(2021) 5:24–33. doi: 10.2478/ebtj-2021-0005

59. Bergen AW, Yeager M, Welch RA, Haque K, Ganjei JK, van den Bree MB,

et al. Association of multiple DRD2 polymorphisms with anorexia nervosa.

Neuropsychopharmacology. (2005) 30:1703–10. doi: 10.1038/sj.npp.1300719

60. Kessler RM, Hutson PH, Herman BK, Potenza MN. The neurobiological

basis of binge-eating disorder. Neurosci Biobehav Rev. (2016) 63:223–

38. doi: 10.1016/j.neubiorev.2016.01.013

61. Boutelle KN, Knatz S, Carlson J, Bergmann K, Peterson CB. An

open trial targeting food cue reactivity and satiety sensitivity in

overweight and obese binge eaters. Cogn Behav Pract. (2017)

24:363–73. doi: 10.1016/j.cbpra.2016.08.003

62. Comings DE, Blum K. Reward deficiency syndrome: genetic

aspects of behavioral disorders. Prog Brain Res. (2000) 126:325–

41. doi: 10.1016/S0079-6123(00)26022-6

63. Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu

W, et al. Brain dopamine and obesity. Lancet. (2001) 357:354–

7. doi: 10.1016/S0140-6736(00)03643-6

64. Volkow ND, Wang GJ, Baler RD. Reward, dopamine and the control

of food intake: implications for obesity. Trends Cogn Sci. (2011) 15:37–

46. doi: 10.1016/j.tics.2010.11.001

65. Geiger BM, Behr GG, Frank LE, Caldera-Siu AD, Beinfeld MC, Kokkotou

G, et al. Evidence for defective mesolimbic dopamine exocytosis in

obesity-prone rats. FASEB J. (2008) 22:2740–6. doi: 10.1096/fj.08-

110759

66. Manfredi L, Accoto A, Couyoumdjian A, Conversi D. A systematic review

of genetic polymorphisms associated with binge eating disorder. Nutrients.

(2021) 13:848. doi: 10.3390/nu13030848

67. Hoenicka J, Quiñones-Lombraña A, España-Serrano L, Alvira-Botero

X, Kremer L, Pérez-González R, et al. The ANKK1 gene associated

with addictions is expressed in astroglial cells and upregulated by

apomorphine. Biol Psychiatry. (2010) 67:3–11. doi: 10.1016/j.biopsych.2009.

08.012

68. Palacios A, Canto P, Tejeda ME, Stephano S, Luján H, García-García E,

et al. Complete sequence of the ANKK1 gene in Mexican-Mestizo individuals

with obesity, with or without binge eating disorder. Eur Psychiatry. (2018)

54:59–64. doi: 10.1016/j.eurpsy.2018.07.010

69. D’Addario C, Micioni Di Bonaventura MV, Pucci M, Romano A, Gaetani

S, Ciccocioppo R, et al. Endocannabinoid signaling and food addiction.

Neurosci Biobehav Rev. (2014) 47:203–24. doi: 10.1016/j.neubiorev.2014.

08.008

70. Serafine KM, O’Dell LE, Zorrilla EP. Converging vulnerability

factors for compulsive food and drug use. Neuropharmacology.

(2021) 196:108556. doi: 10.1016/j.neuropharm.2021.

108556

71. Wang GJ, Volkow ND, Thanos PK, Fowler JS. Similarity between

obesity and drug addiction as assessed by neurofunctional imaging: a

concept review. J Addict Dis. (2004) 23:39–53. doi: 10.1300/J069v23

n03_04

72. Kenny PJ, Voren G, Johnson PM. Dopamine D2 receptors and striatopallidal

transmission in addiction and obesity. Curr Opin Neurobiol. (2013) 23:535–

8. doi: 10.1016/j.conb.2013.04.012

73. Xu FL, Wu X, Zhang JJ, Wang BJ, Yao J. A meta-analysis of data associating

DRD4 gene polymorphisms with schizophrenia. Neuropsychiatr Dis Treat.

(2018) 14:153–64. doi: 10.2147/NDT.S156479

74. Butler PM, Chiong W, Perry DC, Miller ZA, Gennatas ED, Brown A,

et al. Dopamine receptor D4(DRD4) polymorphisms with reduced functional

potency intensify atrophy in syndrome-specific sites of frontotemporal

dementia. Neuroimage Clin. (2019) 23:101822. doi: 10.1016/j.nicl.2019.

101822

75. Lopez Leon S, Croes EA, Sayed-Tabatabaei FA, Claes S, Van

Broeckhoven C, van Duijn CM. The dopamine D4 receptor gene 48-

base-pair-repeat polymorphism and mood disorders: a meta-analysis.

Biol Psychiatry. (2005) 57:999–1003. doi: 10.1016/j.biopsych.2005.

01.030

76. McCracken JT, Smalley SL, McGough JJ, Crawford L, Del’Homme

M, Cantor M, et al. Evidence for linkage of a tandem

duplication polymorphism upstream of the dopamine D4

receptor gene (DRD4) with attention deficit hyperactivity disorder

(ADHD). Mol Psychiatry. (2000) 5:531–6. doi: 10.1038/sj.mp.40

00770

77. Bonvicini C, Cortese S, Maj C, Baune BT, Faraone SV,

Scassellati C. DRD4 48 bp multiallelic variants as age-population-

specific biomarkers in attention-deficit/hyperactivity disorder.

Transl Psychiatry. (2020) 10:70. doi: 10.1038/s41398-020-

0755-4

78. Okuyama Y, Ishiguro H, Nankai M, Shibuya H, Watanabe A,

Arinami T. Identification of a polymorphism in the promoter

region of DRD4 associated with the human novelty seeking

personality trait. Mol Psychiatry. (2000) 5:64–9. doi: 10.1038/sj.mp.40

00563

79. De Jong M, Korrelboom K, van der Meer I, Deen M, Hoek HW, Spinhoven

P. Effectiveness of enhanced cognitive behavioral therapy (CBT-E) for eating

disorders: study protocol for a randomized controlled trial. Trials. (2016)

17:573. doi: 10.1186/s13063-016-1716-3

80. Himmerich H, Kan C, Au K, Treasure J. Pharmacological

treatment of eating disorders, comorbid mental health problems,

malnutrition and physical health consequences. Pharmacol

Ther. (2020) 217:107667. doi: 10.1016/j.pharmthera.2020.

107667

81. Bello NT, Yeomans BL. Safety of pharmacotherapy options

for bulimia nervosa and binge eating disorder. Expert Opin

Drug Saf. (2018) 17:17–23. doi: 10.1080/14740338.2018.13

95854

82. Attia E, Steinglass JE, Walsh BT, Wang Y, Wu P, Schreyer C, et al. Olanzapine

versus placebo in adult outpatients with anorexia nervosa: a randomized

clinical trial. Am J Psychiatry. (2018) 17:449–56. doi: 10.1176/appi.ajp.2018.18

101125

83. Tejas-Juárez JG, Cruz-Martínez AM, López-Alonso VE, García-

Iglesias B, Mancilla-Díaz JM, Florán-Garduño B, et al. Stimulation

of dopamine D4 receptors in the paraventricular nucleus of the

hypothalamus of male rats induces hyperphagia: involvement of

glutamate. Physiol Behav. (2014) 133:272–81. doi: 10.1016/j.physbeh.2014.

04.040

84. Giorgioni G, Del Bello F, Pavletić P, Quaglia W, Botticelli L, Cifani C,
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