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Abstract

Objective: Binge-eating disorder is an eating disorder characterized by recurrent

binge-eating episodes, during which individuals consume excessive amounts of highly

palatable food (HPF) in a short time. This study investigates the intricate relationship

between repeated binge-eating episode and the transcriptional regulation of two key

genes, adenosine A2A receptor (A2AAR) and dopamine D2 receptor (D2R), in selected

brain regions of rats.

Method: Binge-like eating behavior on HPF was induced through the combination of

food restrictions and frustration stress (15 min exposure to HPF without access to it)

in female rats, compared to control rats subjected to only restriction or only stress or

none of these two conditions. After chronic binge-eating episodes, nucleic acids were

extracted from different brain regions, and gene expression levels were assessed

through real-time quantitative PCR. The methylation pattern on genes' promoters

was investigated using pyrosequencing.

Results: The analysis revealed A2AAR upregulation in the amygdala and in the ventral

tegmental area (VTA), and D2R downregulation in the nucleus accumbens in binge-

eating rats. Concurrently, site-specific DNA methylation alterations at gene promoters

were identified in the VTA for A2AAR and in the amygdala and caudate putamen

for D2R.

Discussion: The alterations on A2AAR and D2R genes regulation highlight the signifi-

cance of epigenetic mechanisms in the etiology of binge-eating behavior, and under-

score the potential for targeted therapeutic interventions, to prevent the

development of this maladaptive feeding behavior. These findings provide valuable

insights for future research in the field of eating disorders.
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Public Significance: Using an animal model with face, construct, and predictive valid-

ity, in which cycles of food restriction and frustration stress evoke binge-eating

behavior, we highlight the significance of epigenetic mechanisms on adenosine A2A

receptor (A2AAR) and dopamine D2 receptor (D2R) genes regulation. They could rep-

resent new potential targets for the pharmacological management of eating disorders

characterized by this maladaptive feeding behavior.
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1 | INTRODUCTION

Binge eating (BE) is a primary diagnostic symptom in binge-eating dis-

order (BED), as well as bulimia nervosa, and anorexia nervosa (binge/

purge subtype), and it is characterized by quickly consuming large

quantities of highly palatable food (HPF), together with a feeling of

loss of control over eating (American Psychiatric Association, 2022).

BED is characterized by recurrent, and brief (usually ≤2 h) BE epi-

sodes. It is often associated with various physical comorbidities, high

impulsivity, and mood disorders (Giel et al., 2017; Keski-

Rahkonen, 2021). The worldwide prevalence of BED in adults from

2018 to 2020 is estimated to be 0.6%–1.8% in women and 0.3%–

0.7% in men (Giel et al., 2022). Understanding the neurobiological and

epigenetic mechanisms involved in BED is crucial for advancing the

knowledge of this psychiatric disorder and developing effective inter-

ventions. Currently, only one drug, lisdexamfetamine dimesylate, was

approved by the Food and Drug Administration (FDA) for BED,

although some adverse effects are present (Heo & Duggan, 2017;

Schneider et al., 2021). Several factors contribute to the development

of BED, including enhanced food craving (Yu et al., 2022), impaired

decision making (Goldschmidt et al., 2018; Witt & Lowe, 2014), dimin-

ished executive function (Cury et al., 2020; Iceta et al., 2021), and

impulsivity, a personality trait strongly associated with the loss of con-

trol during BE episodes (Dawe & Loxton, 2004; Kessler et al., 2016).

Neurobiological research has recently addressed the involvement of

several interconnected brain regions and neurocircuitries in the devel-

opment of BED, influencing both impulsive and eating behaviors

(Manfredi et al., 2021).

Dieting (Pankevich et al., 2010; Polivy et al., 1994) and stress

(Micioni Di Bonaventura, Micioni Di Bonaventura, et al., 2020;

Pecoraro et al., 2004; Teegarden & Bale, 2008) are common triggers for

BED, which can be replicated in animal models (Micioni Di Bonaventura

et al., 2021).

Consistently, cycles of food restriction and refeeding, with the

addition of frustration stress (in which the rats can see and smell the

HPF, locked in a metallic grid, and so inaccessible to them), were used

to evoke BE behavior in Cifani et al. rat model (Cifani et al., 2009), and

revealed the involvement of the transcriptional regulation of different

genes (Micioni Di Bonaventura, Ubaldi, et al., 2017; Pucci et al., 2016,

2019). Although mild, this manipulation increased plasma levels of the

stress hormone corticosterone, indicating that it is stressful to rats

(Cifani et al., 2009, 2010; Micioni Di Bonaventura, Vitale, et al., 2012),

and eliciting a robust behavioral activation (Cifani et al., 2020; Micioni

Di Bonaventura, Lutz, et al., 2017) to try to consume the HPF (Cifani

et al., 2013). In particular, in this BE model, we investigated the genes

coding for the adenosine A2A receptor (A2AAR) and the dopamine D2

receptor (D2R) in the development of BE behavior (Micioni Di

Bonaventura et al., 2019), being both implicated in reward-related

processes. Their dysregulation could represent an interesting target

for the management of this feeding disorder.

Central adenosine neurotransmission is known to regulate HPF

intake, food and drug seeking behaviors, and altered adenosine' recep-

tors expression was detected after chronic drug abuse (Kavanagh

et al., 2015; Micioni Di Bonaventura, Cifani, et al., 2012; Mingote

et al., 2008; Pritchett et al., 2010; Wydra et al., 2015). Adenosine is a

neuromodulator in the central nervous system and, regulating espe-

cially dopamine neurotransmission, it is linked to reward-related

behavior (Ballesteros-Yáñez et al., 2017; Nunes et al., 2013). These

effects are primarily due to co-localization in several brain regions and

molecular interactions between adenosine and dopamine receptors,

which are able to form heteromeric receptor complexes (Ballesteros-

Yáñez et al., 2017; Fuxe et al., 2010). The A2AAR activation is mostly

responsible for the inhibitory role of adenosine (Ferré et al., 2018).

Additionally, adenosine modulates dopaminergic activity through its

receptors, affecting the reward pathway and the mesolimbic system

(Ferré et al., 2008, 2018).

The mesolimbic pathway originates in the ventral tegmental area

(VTA), which sends dopaminergic axons to the prefrontal cortex, stria-

tum, amygdala, and other brain areas (Li & Jasanoff, 2020).

The dopamine circuitry is associated with increased susceptibility

to BE and other addictive disorders (Avena, Bocarsly, et al., 2008;

Johnson & Kenny, 2010; Kenny et al., 2013; Volkow et al., 2009).

Dopamine greatly influences the reward value of food through the

dopaminergic pathway primarily involved in the mesolimbic system

(Lewis et al., 2021).

Interestingly, the interaction between the adenosinergic and

dopaminergic systems has an impact on both appetite and effort-

related aspects of food motivation (Font et al., 2008; Nunes

et al., 2013; Randall et al., 2012; Salamone et al., 2018; Salamone &

Correa, 2009), and enhanced frequency of the dopamine transporter

and D2R polymorphisms are linked with BE disturbance (Bello &

Hajnal, 2010; Davis et al., 2012).
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In this context, it is crucial to study the regulation of the epige-

netic mechanisms in gene transcription to explain how environmental

triggers, particularly food restriction and stress, contribute to the

development of BE behavior.

We investigated the selective epigenetic modulation at the pro-

moters of the above mentioned genes, in particular brain areas impli-

cated in the regulation of reward-related processes (Schultz, 2015),

including the amygdaloid complex (Amy), for its role in emotional reactiv-

ity, food-related behavior and uncontrolled consumption of HPF (Blasio

et al., 2013; Bohon & Stice, 2012; Galarce et al., 2010; Gallagher &

Chiba, 1996; Holland & Gallagher, 2003; Pringle et al., 2011), the nucleus

accumbens (NAc) and the caudate putamen (CP) that are part of the

striatum, and the VTA. This latter brain area combines information

from peripheral to hypothalamic, midbrain/hindbrain, limbic and cor-

tical areas (Watabe-Uchida et al., 2012) to encode motivation for

HPF and stress- or cue-induced feeding (Meye & Adan, 2014). Addi-

tionally, the NAc is involved in motivation-related processes associ-

ated with food-seeking behavior and stress (Avena, Rada, &

Hoebel, 2008; Nunes et al., 2013; Wang et al., 2011). The CP, a key

region of the mesolimbic network, is involved in food-related behav-

iors, and closely associated with signals of energy homeostasis and

aberrant eating habits (Zhang et al., 2019).

In our previous works, the molecular changes on the same genes

were evaluated immediately after only one episode of BE (acute expo-

sure), when the BE phenotype was established. Herein instead, we

extended the investigations to recurrent episodes of BE (chronic

exposure), using the same animal model (Cifani et al., 2009), to better

mimic human BED. Furthermore, repeated BE episodes may lead the

reward system to become accustomed to receiving food, resulting in a

lower level of responsiveness and requiring the consumption of

increasing amounts of food to provoke the same response (Leenaerts

et al., 2022).

In this animal model, once established, BE behavior remains stable

over time (Piccoli et al., 2012; Pucci et al., 2022). Accordingly, female

rats were subjected to intermittent periods of restriction and frustra-

tion stress, as described above, to induce several episodes of BE. The

gene transcription regulation was analyzed after these episodes in the

same brain regions as our previous studies (Micioni Di Bonaventura

et al., 2019; Pucci et al., 2016) to compare exposure to a single or

chronic BE episodes.

2 | MATERIALS AND METHODS

2.1 | Animal model

The BE protocol was performed as previously established (Cifani

et al., 2009, 2020; Pucci et al., 2022). The BE episode is operationally

defined as the large amount of HPF consumed by rats within 2 h.

Brain samples of 24 adult female Sprague–Dawley rats (Charles River,

Calco, Italy; 200–225 g, 9 weeks old at the beginning of the experi-

ment) analyzed in this study were originally collected in a previous

work (Pucci et al., 2022).

Briefly, the rats, individually housed rats under a 12 h light/dark

cycle (lights on at 8:00 a.m.), after 1 week of adaptation followed the

BE protocol (see Suppl. Methods for experimental details and Supple-

mentary Figure 1) and were subdivided into 4 groups of 6 rats each:

NR + NS: non-restricted and non-stressed rats; NR + S: non-

restricted and stressed rats; R + NS: restricted and non-stressed rats;

R + S: restricted and stressed rats. The BE phenotype was induced by

restrictions of standard chow plus frustration stress, during which the

animals can see and smell the known HPF but cannot consume it for

15 min. Only R + S rats showed BE behavior, consuming significantly

more HPF during the 2 h feeding test compared to the other

three groups.

The HPF, offered in a coffee cup, is a mix of Nutella chocolate

cream (Ferrero, Alba, Torino, Italy, 5.33 kcal/g), ground chow pellets

(4RF18, Mucedola, Settimo Milanese, Italy, 2.6 kcal/g), and water, in

the following percentages (w/w): 52%, 33%, and 15%, respectively.

Following 4 episodes of BE, all rats were sacrificed in the next

episode, immediately after stress manipulation, before eating HPF

(Supplementary Figure 1).

The results of body weight and HPF intake measurements were

already published in Pucci et al., 2022. During the chow restriction

days, the restricted rats (R + NS and R + S) lose their body weight,

which was immediately recovered in the following days of ad libitum

chow access. Therefore, on test days, the mean body weights of all

groups of rats were comparable. Thus, the significant increase in HPF

intake in R + S rats (BE group) in each feeding test was not due to

hunger or energy deficit.

2.2 | Tissue collection and nucleic acid extraction

Immediately after sacrifice, brains were collected. The Amy, NAc, CP,

and VTA were dissected, frozen and stored at �80�C until processing

(D'Addario et al., 2020). Nucleic acids were extracted following the

Chomczynski and Sacchi method (Chomczynski & Sacchi, 2006).

The quantity and purity were evaluated using NanoDrop Spectropho-

tometer (Thermo Scientific, Waltham, MA, USA). We used total RNA

to assess the relative abundance of A2AAR and D2R genes through

real-time qPCR, and DNA to examine the methylation pattern in the

promoter regions of the genes using pyrosequencing.

2.3 | Gene expression analysis

mRNA was transformed into complementary DNA (cDNA) using Sen-

siFAST cDNA synthesis Kit (Bioline Reagents, London, UK), following

the instructions provided by the manufacturer and the resulting

cDNAs were diluted three times. The relative abundance of mRNA

was evaluated through quantitative reverse transcription-polymerase

chain reaction (RT-qPCR). The RT-qPCR analysis was carried out using

the DNA Engine Opticon 2 Continuous Fluorescence Detection Sys-

tem (MJ Research) (Pucci et al., 2022). The amplification primers are

reported in Table 1. The RT-qPCR analysis data were normalized using

MERCANTE ET AL. 1435
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the average CT (cycle threshold) value derived from two endogenous

reference genes, specifically β-actin and Gapdh. To determine the fold

change in gene expression, the Livak (2�ΔΔCT) method was used

(Livak & Schmittgen, 2001). This approach calculates the rate of

increased expression by comparing the CT values between the target

gene and the reference genes after normalization.

2.4 | DNA methylation analysis

The CpG islands were predicted using MethPrimer software.

MethPrimer is a widely used bioinformatics tool specifically

designed for the prediction and analysis of CpG islands in DNA

sequences. It utilizes a set of predefined criteria, including GC

content, observed-to-expected CpG ratio, and length, to identify

potential CpG islands within a given DNA sequence (Li &

Dahiya, 2002). Methylation analysis was conducted on DNA that

had undergone bisulfite conversion, extracted from different rat's

brain regions (Amy, NAc, CP, and VTA) using pyrosequencing.

After DNA extraction, a quantity of 250 ng of DNA from each

sample was subjected to bisulfite treatment using the EZ DNA

Methylation-Gold™ Kit (Zymo Research, Orange, CA, USA). This kit

converts unmethylated cytosines to uracil while leaving methylated

cytosines unchanged, enabling the identification of DNA methylation

patterns.

The bisulfite-treated DNA was then amplified using PyroMark

PCR Kit (Qiagen, Hilden, Germany) following the manufacturer's

protocol. The PCR conditions include an initial step at 95�C for

15 min, followed by 45 cycles at 94�C for 30 s, 56�C for 30 s, 72�C

for 30 s, and a final extension step at 72�C for 10 min (Pucci

et al., 2022). PCR products were verified by agarose electrophore-

sis. Methylation analysis was conducted using PyroMark Q48

Autoprep (Qiagen, Hilden, Germany) and the degree of methylation

was assessed using PyroMark Q48 Software (Qiagen, Hilden,

Germany). This software calculates the methylation percentage

[mC/(mC + C)] for each CpG site, enabling quantitative compari-

sons (mC represents methylated cytosine, C denotes unmethylated

cytosine) (Pucci et al., 2022). The primers sequences are reported

in Table 2.

2.5 | Statistical analysis

The results were analyzed using GraphPad Prism 9 (GraphPad

Software, San Diego, CA, USA). To assess statistical differences in

gene expression a two-way ANOVA, (food restriction [no or yes] and

frustration stress during testing [no or yes]), followed by multiple com-

parison with Bonferroni's post hoc tests was performed. DNA methyl-

ation level at each CpG site was analyzed using multiple-t-test and

corrected for multiple comparison through Sidak-Bonferroni method.

Correlations were performed by Spearman's coefficient and p < 0.05

was considered to be statistically significant.

3 | RESULTS

According to our previous studies with the same BE model (Cifani

et al., 2009; Micioni Di Bonaventura et al., 2019; Romano

et al., 2020), in each feeding test (total of four tests), the R + S rats

showed the BE episode, significantly increasing the HPF intake

(kcal/kg) compared to the other experimental groups (NR + NS,

NR + S and R + NS), as reported in Pucci et al., 2022. More specifi-

cally, during the entire duration of each test (2 h), the R + S rats ate

59.4% (I EPISODE), 46.8% (II EPISODE), 63.1% (III EPISODE), and

51.5% (IV EPISODE) more than the other groups. Since no signifi-

cant differences were observed in the HPF intake among the three

control groups (Pucci et al., 2022), the percentage difference

in HPF intake was calculated comparing the mean of HPF intake of

R + S rats with the mean HPF intake of the other groups for each

episode. For more details about each behavioral experiment, see

Pucci et al., 2022.

To explore the influence of recurrent episodes of BE on the regu-

lation of A2AAR and D2R gene expression, we examined mRNA levels

and potential epigenetic modifications in these brain regions: Amy,

NAc, CP, and VTA.

TABLE 1 List of primers used for quantitative real-time PCR.

Gene Forward Reverse

β-Actin agatcaagatcattgctcctcct acgcagctcagtaacagtcc

Gapdh agacagccgcatcttcttgt cttgccgtgggtagagtcat

A2AAR ttcgcctgttttgtcctggt aagccattgtaccggagtgg

D2R tacgtgcccttcatcgtcac gtgggtacagttgcccttga

TABLE 2 List of primers and sequences used during the methylation analysis.

Gene Primers Sequence to analyze
Genomic location (rat
mRatBN7.2)

A2AAR Fwr (Biotin):

ATTAGGGTGGGGGTGGGA

Rev: AAACCCCCAACAAAACACCCTT

Seq: AAACACCCTTCTCCC

…gagtggCGctggaggaggCGgtcaggaCGCGtggacttgaag

CGaccaCGttcc…
Chromosome 22: 24417879–

24442357

D2R Included in the assay PM00586096 …tcCGaCGggcagattgCGcctCGggCGtCGgaa… Chromosome 8: 49708927–
49772875

1436 MERCANTE ET AL.
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3.1 | Regulation of A2AAR and D2R in a model
of BE

Significant differences in A2AAR and D2R gene expression and DNA

methylation levels across the different brain regions were reported.

In the Amy, significant changes in gene expression were

observed for A2AAR but not for D2R (as shown in Figure 1a, b). These

changes in A2AAR mRNA levels were influenced by stress

(F(1,16) = 25.85; p < 0.05) but not by food restriction (F(1,16) = 0.73;

p = 0.406) neither by the interaction (F(1,16) = 4.30; p = 0.054).

F IGURE 1 A2AAR and D2R
relative gene expression in
amygdaloid complex (Amy),
nucleus accumbens (NAc),
caudate putamen (CP), and
ventral tegmental area (VTA) of
rat exposed (or not) to restriction
and stress (NR + NS: non-
restricted and non-stressed rats;
NR + S: non-restricted and
stressed rats; R + NS: restricted
and non-stressed rats; R + S
restricted and stressed rats)
reported as 2�ΔΔCt values
calculated by Delta–Delta Ct
(ΔΔCt) method. Expression was
normalized using an average Ct-
value from both reference genes
(Gapdh and β-act), and data are
reported as mean ± SEM with a
sample size of n = 5 per group.
Relative expression of: Amy
(a) A2AAR (adenosine 2A
receptor); (b) D2R (dopamine
receptor 2); NAc (c) A2AAR and
(d) D2R; CP (e) A2AAR and (f)
D2R; VTA (g) A2AAR and (h) D2R.
Data were analyzed by two-way
ANOVA in a 2 (frustration stress
during testing: no, yes) � 2 (food
restriction: no, yes) factorial
design. Bonferroni's post hoc

tests were used to follow up on
significant interaction or main
effects (p < 0.05). Significant
differences are indicated:
*p < 0.05 versus NR + NS;
#p < 0.05 versus NR + S;
$p < 0.05 versus R + NS.
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Multiple comparisons test further revealed a significant increase

between the R + S group and both NR + NS (p = 0.004) and R

+ NS (p = 0.0007) (Figure 1a).

In the NAc, significant changes in both A2AAR and D2R mRNA levels

were found in R + S rats. The alterations in A2AAR were influenced by

both stress (F(1,16) = 5.88; p < 0.05) and food restriction (F(1,16) = 5.26;

F IGURE 2 Schematic representation of rat A2AAR gene (a). Translation starts codon (ATG), exons and introns are depicted. Coding regions of
exons are shown darker. Sequence of the CpG island under study is also reported. Bold text indicates the 6 CpG sites analyzed; (b) Percentage of
DNA methylation at A2AAR promoter regions in the Amy, NAc, CP, and VTA. Values on the y-axis represent the % of methylation values of
individual CpG sites under study, as well as of the average (AVE) of all CpG sites ± SEM with a sample size of n = 5 per group. Data were
analyzed by multiple-t-test and corrected for multiple comparisons using the Sidak-Bonferroni method. Significant differences are indicated:
*p < 0.05 versus NR + NS.
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p < 0.05). There was no significant interaction between these two factors

(F(1,16) = 0.04; p = 0.847). The multiple comparisons test, shown in

Figure 1c, revealed a significant decrease in A2AARmRNA levels between

R + S group and NR + NS (p = 0.0252). Similarly, D2R mRNA levels

exhibited a significant change in the R + S group. These changes were

influenced by both stress (F(1,16) = 15.90; p < 0.05) and food restriction

(F(1,16) = 25.06; p < 0.05), but not by the interaction between these two

factors (F(1,16) = 2.27; p = 0.151). The post hoc group differences

showed a significant decrease in all the groups (NR + S, p = 0.0079; R

+ NS, p = 0.0018; R + S, p < 0.0001) compared to NR + NS (Figure 1d).

F IGURE 3 Schematic representation of rat D2R gene (a). Translation starts codon (ATG), exons and introns are depicted. Coding regions of
exons are shown darker. Sequence of the CpG island under study is also reported. Bold text indicates the 6 CpG sites analyzed; (b) Percentage of
DNA methylation level at D2R promoter regions in the Amy, NAc, CP, and VTA. Values on the y-axis represent the % of methylation values of
individual CpG sites under study, as well as of the average (AVE) of all CpG sites ± SEM with a sample size of n = 5 per group. Data were
analyzed by multiple-t-test and corrected for multiple comparisons using the Sidak-Bonferroni method. Significant differences are indicated:
*p < 0.05 versus NR + NS; $p < 0.05 versus R + NS.
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In the CP, A2AAR mRNA levels were significantly affected by

stress (F(1,16) = 17.45; p < 0.05) but not by food restriction

(F(1,16) = 0.16; p = 0.69) or the interaction between these two factors

(F(1,16) = 0.12; p = 0.728). Multiple comparisons test revealed an

increase of A2AAR mRNA levels in both groups NR + S (p = 0.0332)

and R + S (p = 0.0307) with respect to NR + NS (Figure 1e).

On the other hand, mRNA levels of D2R in the CP were influenced

by both stress (F(1,16) = 52.40; p < 0.05) and food restriction

(F(1,16) = 9.39; p < 0.05), but not by the interaction (F(1,16) = 2.70;

p = 0.119). The post hoc group differences, depicted in Figure 1f,

presented a significant increase in R + S group compared to all the

other groups (NR + NS, p = 0.0001; NR + S, p = 0.0255; R + NS,

p < 0.0001) and also in NR + S versus NR + NS (p = 0.0068).

Finally, in the VTA, A2AAR gene exhibited significant changes in

response to stress (F(1,16) = 8.01; p < 0.05) and food restriction

(F(1,16) = 13.51; p < 0.05), but not by the interaction between these

two factors (F(1,16) = 0.004; p = 0.94). Meanwhile, the D2R gene in

the VTA was also affected by stress (F(1,16) = 10.24; p < 0.05) and

food restriction (F(1,16) = 6.61; p < 0.05) but also by the interaction

between food restrictions and stress (F(1,16) = 17.39; p < 0.05). It was

observed a significant increase in A2AAR mRNA levels in R + S rats

with respect to NR + NS (p = 0.0018). In addition, D2R mRNA levels

were increased in the R + S group in relation to NR + NS

(p = 0.0052), NR + S (p = 0.0013) and R + NS (p = 0.0005). All the

specific post hoc differences were reported in Figure 1g, h.

To explore the potential role of epigenetic mechanisms in the

regulation of gene expression in the BE model, the DNA methylation

pattern in the promoter regions of genes in the different brain areas

was analyzed. Results are reported in Figures 2 and 3.

No significant differences were found at the A2AAR gene in Amy,

NAc, and CP. However, a noteworthy finding emerged when examin-

ing all CpG sites at the A2AAR promoter region in the VTA. A signifi-

cant increase in DNA methylation was observed at CpG site 1 of the

NR + S group (p = 0.04 versus NR + NS) (Figure 2b).

Furthermore, a correlation analysis was conducted between the

expression of both genes and the HPF intake (BE behavior), calculated

as the mean HPF intake during the 2 h time point of the four feeding

tests in each experimental group (Supplementary Table 1). Significant

correlations were observed in the Amy, NAc, and VTA. A positive corre-

lation was identified between HPF intake and A2AAR gene expression

(Spearman's r = 0.4955, p = 0.0263) in the Amy. Conversely, in the

NAc, a negative correlation was found between HPF intake and D2R

gene expression (Spearman's r = �0.5459, p = 0.0128). In the VTA, a

positive correlation was found between HPF intake and A2AAR

gene expression (Spearman's r = 0.5167, p = 0.0197), while a nega-

tive correlation was found with D2R gene expression (Spearman's

r = �0.6837, p = 0.0009).

Conversely, when analyzing DNA methylation levels at CpG sites

within the promoter region of the D2R gene, significant differences

were observed in Amy and CP brain regions as shown in Figure 3b. In

the Amy, a significant decrease in DNA methylation level was observed

in the R + S group at CpG site 2 (p = 0.036 versus NR + NS). In CP,

a significant change was detected in the R + S group, precisely

a decrease in the percentage of DNA methylation in the CpG sites

5 (p = 0.01 versus NR + NS; p = 0.005 versus R + NS) and

6 (p = 0.01 versus NR + NS).

An indirect correlation between D2R gene expression (2�ΔΔCt

values) and DNA methylation was reported in the CP. Specifically,

considering what observed in the fifth and sixth CpG sites analyzed, a

negative correlation was found (CpG site 5: Spearman's r = �0.6526,

p = 0.0018; CpG site 6: Spearman's r = �0.5871, p = 0.0065)

(Figure 4). No significant results were observed correlating D2R CpG

site 2 with gene expression (results not shown).

4 | DISCUSSION

The relationship between dieting and stress emerges as a crucial contrib-

ute to the onset of BE behavior and related eating disorders (American

Psychiatric Association, 2022; Brewerton et al., 2000; Crowther

et al., 2001; Grilo et al., 2001; Micioni Di Bonaventura et al., 2021;

Micioni Di Bonaventura, Micioni Di Bonaventura, et al., 2020; Stice

F IGURE 4 Correlation between D2R gene expression and DNA
methylation level at CpG site 5 (a) and 6 (b) in CP. Data were
compared by Spearman's rank correlation coefficient, p- and r-values
are reported.
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et al., 2001). Accordingly, these two factors were recruited to induce BE

episodes in preclinical models (Cifani et al., 2009; Hagan et al., 2002),

including the BE protocol in female rats used in this work.

This study focuses on the transcriptional regulation of A2AAR and

D2R genes, which were previously identified as involved in the devel-

opment of a single BE episode in the Cifani et al. (2009) animal model.

Adenosine is an endogenous nucleoside and dopamine is a

catecholamine neurotransmitter. They regulate several physiological

functions and are involved in different diseases (Borea et al., 2018;

Klein et al., 2019). Dopamine regulates feeding behaviors, and the

dopamine reward system is acknowledged as the most important sys-

tem that controls appetite, food craving, motivational and emotional

drives to eat (Baik, 2021). Much attention has been given to the

mesolimbic and mesocortical pathways in the dopamine reward sys-

tem for controlling food intake in association with hedonic feeding

(Baik, 2021). On the contrary, less is known about the involvement of

central adenosine in mediating aspects of feeding, although studies

found that the blockade of A2AAR significantly increased the consump-

tion of a high-fat diet (Pritchett et al., 2010), while agonists of the same

receptor blocked BE episodes (Micioni Di Bonaventura et al., 2019),

and central injection of adenosine suppresses food intake in rats

(Levine & Morley, 1983; Micioni Di Bonaventura, Cifani, et al., 2012).

The adenosine and dopamine systems are deeply interconnected

because their receptors are co-localized, and adenosine has the ability

to modulate dopamine release in the brain (Borgus et al., 2021).

In this research, we found alterations in these systems, specifi-

cally the A2AAR mRNA levels were selectively upregulated in the Amy

of the R + S rats, (BE group), after recurrent episodes of BE, which is

consistent with our previous results after a single episode (Micioni Di

Bonaventura et al., 2019). This was supported by a selective enhance-

ment of Fos immunoreactivity expression in central amygdala in R + S

rats and by the mitigation of the BE episode after systemic or site-

specific administration of A2AAR agonists into the same brain region.

Furthermore, other studies indicate the strong involvement of Amy

in emotional reactivity, food-related behavior and excessive consump-

tion of HPF (Blasio et al., 2013; Iemolo et al., 2013), and the A2AAR in

this brain area plays an important role in fear memory processing

(Simões et al., 2016, 2022, 2023), social interactions (López-Cruz

et al., 2017) and anxiety (Chiu et al., 2014; López-Cruz et al., 2017).

The results of A2AAR gene expression in the Amy are consistent with its

upregulation in the VTA, which is relevant to better understand the

interplay between VTA projections to post-synaptic targets in Amy. Of

note, also D2R mRNA levels in the VTA were increased in the BE group.

The VTA, located in the midbrain, is a primary source of dopamine

neurons that project to cortical and limbic regions, playing an essen-

tial role in reward, stress processes (Farahimanesh et al., 2018),

dietary cues (Polter & Kauer, 2014; Price & Drevets, 2010) and con-

trols a variety of behaviors, including food reward processing and

motivation for HPF (Meye & Adan, 2014). Palatability is seen as a

representation of natural reward that could be sufficient to induce

compulsive-like behavior towards food and impulsivity (de Macedo

et al., 2016). The VTA was already found to be relevant in the modu-

lation of D2R, potentially contributing to compulsive-like eating

behaviors (Yu et al., 2022). In the striatum, a single BE episode did

not induce alterations at the level of genes in the Nac and CP, (but

only for both genes in Amy), while several changes were noted after

repeated episodes of BE.

In the Nac, a brain region particularly susceptible to diet and

stress (Campioni et al., 2009; Carr, 2020; Garcia-Keller et al., 2021),

we found that both frustration stress and food restriction evoked a

significant decrease in the expression of both A2AAR and D2R genes.

However, there was no significant interaction between these two

conditions, suggesting that they may independently affect gene expres-

sion in the Nac. It has also been studied that pharmacological blockade

of D2R in the Nac does not reduce the quantity of food ingested (Baldo

et al., 2002); also, the inhibition of BE in animals, obtained with deep

brain stimulation of the NAc shell, was significantly blunted by the use

of raclopride (D2R antagonist), characterizing the involvement of D2R

as fundamental in this feeding behavior (Halpern et al., 2013).

Besides, rats maintained on high-fat diets exhibit impulsivity pheno-

type and reduced accumbal expression of D2R, but not in the CP (Adams

et al., 2015). In accordance with our model, in the CP, the mRNA levels

of D2R, as well as A2AAR, were significantly altered by repeated manipu-

lation of frustration stress. Nevertheless, in our previous work, we did

not observe any change in the expression of both genes after only one

episode of BE (Micioni Di Bonaventura et al., 2019). Our data support

the hypothesis of an adenosinergic control that may counteract dopami-

nergic activity in reward-related behavior through the existence of stria-

tal A2AAR-D2R complexes (Valle-León et al., 2021; Wydra et al., 2015).

In addition, A2AAR agonists, which bind the adenosine receptor in the

heteromer, decrease the affinity of D2R agonists through allosteric

antagonistic interaction (Ferré et al., 2016).

To deeply analyze the transcriptional regulation of A2AAR and

D2R genes, we assessed DNA methylation at gene promoters, observ-

ing selective changes for A2AAR only in the VTA and for D2R in the

Amy and CP at specific CpG sites. Notably, in the CP, the reduction in

DNA methylation at both CpG sites 5 and 6 was significantly inversely

correlated with the increase in gene expression observed in the BE

group.

Consumption of fat foods affects the methylation pattern of the

dopamine system in the central reward circuitry, crucial to code the

gratifying properties of HPF and hedonic feeding behavior (Vucetic

et al., 2012). Studies show epigenetic dysregulation of D2R in mesolim-

bic areas in animals exposed to HPF (Rossetti et al., 2020), and this

impacts the reward system (Ong & Muhlhausler, 2011). Endogenous

and exogenous elements as nutrition influence the epigenome, and epi-

genetic changes may in turn modify animal phenotype (Zhang, 2015).

The stability of DNA methylation changes with nutritional influences

(Zhang, 2015), and DNA methyltransferases were suggested as possible

therapeutic targets (Kozuka et al., 2017).

Interestingly, it was observed that prenatal stress in late gestation

may increase the susceptibility of female offspring to develop BE like

phenotype in adolescence, when there is a pre-existing epigenetic pre-

disposition (Schroeder et al., 2017). Authors have observed hypomethy-

lation of hypothalamic miR-1a and downstream dysregulation of the

melanocortin system, which is implicated in stress and BE (Micioni Di
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Bonaventura et al., 2022; Micioni Di Bonaventura, Botticelli, et al., 2020;

Micioni Di Bonaventura, Micioni Di Bonaventura, et al., 2020).

In conclusion, this study provides insights into the complex inter-

play of stress, food restriction, gene expression, and epigenetic modifi-

cations in selected brain regions of the reward circuit associated with

BE behavior. These findings underscore the importance of considering

multiple factors, including epigenetic mechanisms, in understanding the

neural basis of BE. This may encourage the search for new therapeutic

targets for eating disorders and related conditions. Beside an approach

focused on the maintenance of genomic DNA methylation, it would be

relevant to target specific CpG sites within the promoters of loci whose

methylation was found altered in specific conditions, as in our BE model

for A2AAR and D2R. This approach was already developed using

CRISPR-Cas9-based tools (Kang et al., 2019; Vojta et al., 2016) and fur-

ther studies are needed to prove their efficacy in different conditions.
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