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Abstract

Background Anorexia nervosa (AN) is a severe psychiatric disorder with limited biomarkers for diagnosis and
treatment monitoring. We investigated endocannabinoid system (ECS) dysregulation in AN through integrated
epigenetic and genetic analysis of saliva.

Methods \We analyzed DNA methylation patterns of cannabinoid receptor 1 (CNRT) and fatty acid amide hydrolase
(FAAH) genes, characterized genetic polymorphisms, and quantified expression of exosomal microRNAs targeting
these genes in AN patients versus healthy controls.

Results We discovered a novel bidirectional epigenetic dysregulation of the ECS: CNRT promoter hypermethylation
coupled with FAAH promoter hypomethylation. This dual-target mechanism systematically impairs endocannabinoid
signaling by simultaneously reducing receptor availability while increasing endocannabinoid degradation.
Compensatory miRNA responses (upregulated miR-342-3p, miR-23b-3p targeting CNRT; upregulated miR-4505, miR-
1275 targeting FAAH) revealed dynamic regulatory attempts to counterbalance these primary epigenetic changes.
This convergent pathway dysfunction demonstrates how multiple molecular mechanisms work in concert to
dysregulate appetite regulation in AN. Combined biomarker panels showed superior diagnostic precision compared
to individual markers.

Conclusions Our findings establish this bidirectional epigenetic dysregulation as a central mechanism underlying
ECS dysfunction in AN, providing mechanistic insights that identify novel therapeutic targets and advance precision
medicine approaches for this challenging disorder.

Plain English summary

This study identifies biological markers in saliva that may help detect anorexia nervosa more accurately. We
analyzed specific genes involved in the endocannabinoid system—a network in the body that helps regulate
appetite, mood, and reward—suggesting patterns that could improve diagnosis and reveal new treatment targets.
By identifying these gene patterns in saliva, we offer a non-invasive way to better understand how anorexia
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develops and progresses. Our findings may help improve early diagnosis and open new possibilities for treatment,
especially by targeting the biological systems that influence appetite and emotional regulation. This research brings
us closer to understanding the underlying biology of eating disorders and may support the development of more

personalized and effective care strategies in the future.

Keywords Anorexia nervosa, Psychiatric disorders, Epigenetics, DNA methylation, MicroRNAs, Transcription factors,

Endocannabinoid system, Molecular biology, Saliva

Background

Anorexia nervosa (AN) is among the most challenging
psychiatric disorders, marked by considerable short-
and long-term medical complications, low rates of full
recovery, and high mortality [1, 2]. Behavioral symptoms
include severe food restriction accompanied by either or
both fasting, excessive exercise, and bingeing/purging to
avoid weight gain [3]; self-worth is severely influenced
by body weight and shape, with poor insight into illness
severity. AN affects approximately 0.1-3.6% of women
and 0.1-0.3% of men [4—6] and has a multifactorial etiol-
ogy, involving genetic [5, 7-9], neurobiological [10, 11],
environmental [12, 13], metabolic [5] and psychological
factors [13].

Diagnosis remains mostly clinical, relying on psycho-
logical assessment and physical examination, with few
objective biomarkers available to support diagnosis,
prognosis, or treatment monitoring. Reliable biomarkers
could enable earlier detection and prevention by iden-
tifying individuals at risk prior to the full clinical mani-
festation, improve diagnostic accuracy despite denial or
symptom concealment [14, 15], and track disease pro-
gression, remission, or relapse [16].

Proposed biomarkers include hormonal, neurotrans-
mitter, inflammatory, and metabolic changes, though
clinical utility remains limited due to inconsistent,
nonspecific results and complex sampling [17]. More
recently, neurobiological circuits or domains targeting
appetite control, reward processing, and stress manage-
ment [18, 19], with the endocannabinoid system (ECS)
being a particularly promising area, have been the focus
of research [20].

The ECS is a complex endogenous system that includes
central and peripheral cannabinoid receptors (CB1, CB2),
endogenous cannabinoids (primarily anandamide and
2-arachidonoylglycerol), and the enzymes responsible for
their biosynthesis and degradation, like fatty acid amide
hydrolase (FAAH) [21, 22]. By modulating regulatory
reactions to internal and environmental changes, such as
appetite, energy balance, reward processing, emotional
control and stress response, the ECS affects several func-
tions specifically dysregulated in AN [23] and could likely
be considered a promising therapeutic target in ED [24].

Altered ECS activity, especially in cannabinoid receptor
1 (CNR1) and FAAH genes has been reported in AN [25].
CB1 receptors are densely expressed in brain regions

linked to appetite (hypothalamus), reward (mesolimbic),
and emotion (amygdala and prefrontal cortex). These
brain regions show structural and functional alterations
in AN patients [26]. Alterations in CB1 receptor expres-
sion and endocannabinoid levels in central brain regions
have been linked to AN-like behavior in humans [27, 28]
and in animal models [29], yielding mixed and incon-
clusive results. ECS pharmacological modulation affects
food intake and anxiety-like behavior in these models,
supporting its therapeutic relevance [25].

FAAH, the primary enzyme responsible for degrad-
ing anandamide (AEA), plays a direct role in endocan-
nabinoid tone and the signal’s duration [30]. Studies
comparing AN patients to healthy controls (CTRL) have
reported inconsistent findings regarding AEA levels:
some show elevated levels in AN [31, 32], others report
reductions [33], and some observe no significant differ-
ences [27, 34].

Environmental factors can modulate gene function
through epigenetic mechanisms [35]. Chemical DNA
modifications, including DNA methylation, and microR-
NAs (miRNAs) regulation, can induce transient changes
in gene expression [36]. These modifications serve as a
dynamic interface between genetic predisposition and
environmental influences, playing a crucial role in both
normal physiological processes and disease develop-
ment. DNA methylation adds a methyl group to cyto-
sine residues in CpG nucleotides, typically leading to
gene silencing when present in promoter regions [37].
This mechanism is implicated in various neurobiological
processes relevant to the development of AN, including
energy homeostasis, hunger, and feeding regulation [38].
Epigenetic changes are responsive to environmental pres-
sures like diet, stress, and psychosocial factors, all shown
to contribute to AN development [39]. ECS components,
especially CNRI and FAAH genes, are regulated through
epigenetic mechanisms and controlled as a function of
stress and nutrition [40]. Recently, increased Cnrl meth-
ylation has been proposed as potentially contributing to
dysregulated endocannabinoid signaling in the activity-
based anorexia (ABA) rat model of AN [41].

Genetic heterogeneity of ECS components has also
been implicated in ED and associated traits. CNRI and
FAAH gene polymorphisms are linked to AN susceptibil-
ity, reward sensitivity, and treatment response [42, 43].
Given AN’s high heritability (50-80%), further genetic
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analysis in these ECS components may clarify individual
risk and guide personalized interventions [5].

Here, we assessed the potential of CNRI and FAAH
genes as biomarkers for AN. To this extent, we exam-
ined DNA methylation, transcription factor binding, and
genetic variation within these loci, as well as the expres-
sion of exosomal miRNAs known to target them in indi-
viduals with AN compared to healthy controls.

Methods

Ethical aspects and selection of participants

From April 2022 to May 2023, individuals seeking ED
care at the Outpatient Unit for Clinical Research and
Treatment of Eating Disorders of the University Hospital
Renato Dulbecco (Catanzaro, Italy) were screened for eli-
gibility and invited to participate. Age- and sex-matched
healthy students from the University of Chieti (Chieti,
Italy) volunteered as controls.

Eligibility for the clinical sample included: (a) ongoing
diagnosis of AN according to DSM-5 criteria and psychi-
atric examination; (b) age over 14. Potential participants
were interviewed by psychiatrists and formally diagnosed
through the Structured Clinical Interview for the DSM-5
(SCID-5 CV) [44] and the Eating Disorder Examination
(EDE 17.0 D) [45].

Table 1 Demographic and clinical data comparing healthy
controls (CTRL, n=40) and patients with anorexia nervosa (AN,
n=38)

AN CTRL
(N=38) (N=40)
Mean SD Mean SD
Age 199 7.6 19 0.6
Age at onset 16.6 56
lliness duration (years) 32 42
BMI (kg/m?) 186 23 212 20
BMI lowest value (kg/m?) 16.1 19
BMI highest value (kg/m?) 219 25
Subtype
Restricting 23 (60%)
Binge-purge 15 (40%)
Psychiatric comorbidities
MDD 32 (84%)
GAD 1 (3%)
Ongoing medications
Yes 27 (71%)
Antidepressants 23 (60%)
Antipsychotics 23 (60%)
Mood stabilizers 2 (5.3%)

Continuous variables are presented as meanztstandard deviation (SD).
Categorical variables are presented as frequencies. Age of onset, illness
duration, BMI lowest and highest values apply only to the AN group. Some
patients were taking multiple medications concurrently. ANanorexia nervosa,
BMIbody mass index, CTRL control, GAD generalized anxiety disorder,
MDD major depressive disorder
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Controls had to be aged over 18, self-report no ED his-
tory, and have a BMI in the normal range according to
World Health Organization [46]. An ad-hoc survey col-
lected socio-demographics (e.g., age, sex at birth, educa-
tion, occupation), anamnestic and anthropometrics data
(i.e., weight, height). Severe psychiatric comorbidities
(neurodevelopmental disorders, disorders in the schizo-
phrenia spectrum, bipolar disorders, neurocognitive dis-
orders, substance use disorder), as well as medications
(e.g., orosoluble tablets) or known diseases affecting the
oral cavity and/or the gastrointestinal system, or the
immune system overall were considered exclusion crite-
ria for both groups.

Participants and legal representatives for minors were
duly informed about study aims, procedures, anonymisa-
tion, and data handling. Informed consent was obtained
prior any procedure. The study was approved by the Ethi-
cal Committee of “Regione Calabria, sezione Area Cen-
tro” (identifier: 395/18.11.2021) and participants were
treated in accordance with the Declaration of Helsinki
[47].

After screening for eligibility, 38 individuals were
enrolled as cases and 40 as controls (see Table 1 for
demographic and clinical details).

Saliva sample collection and nucleic acid extraction

Saliva samples were collected from participants in the
morning and immediately stored at — 20 °C. Prior to col-
lection, participants were instructed to refrain from eat-
ing, drinking, smoking, or brushing their teeth for at least
1h.

Genomic DNA was extracted from saliva samples via
salting-out method adapted from Garbieri et al. [48].
Total exosomal RNA was isolated using the Total Exo-
some Isolation from Saliva protocol (Invitrogen, Carls-
bad, CA, USA) followed by Total Exosome RNA and
Protein Isolation protocol (Invitrogen, Carlsbad, CA,
USA).

The concentration and purity of DNA was assessed
using NanoSNAP spectrophotometer (Spex, Metuchen,
NJ, USA). A260/280 ratios near 1.8 were considered
acceptable.

DNA methylation and SNP analysis by pyrosequencing

The methylation status of human CNRI and FAAH
genes was assessed by pyrosequencing of bisulfite-con-
verted DNA. A total of 500 ng of genomic DNA from
each sample was subjected to bisulfite conversion using
the EZ DNA methylation-Gold kit (Zymo Research,
Orange, CA, USA). Bisulfite-treated DNA was amplified
using the PyroMark PCR Kit (Qiagen, Hilden, Germany)
with a biotinylated primer, following the manufacturer’s
recommendations.
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Pyrosequencing was carried out on a PyroMark Q48
Autoprep using PyroMark Q48 Advanced Reagents (Qia-
gen, Hilden, Germany), according to the manufacturer’s
recommendations. Specific PyroMark CpG assays (Qia-
gen, Hilden, Germany) were used to analyze the regula-
tory regions of FAAH and CNRI genes, targeting 4 and
5 CpG sites, respectively. Detailed information on the
sequences and assays is reported in Table S1 and Figure
S1 (Supporting information).

CpG methylation was quantified using PyroMark Q48
Autoprep and expressed as mC/(mC+C), where mC
represents methylated cytosines and C unmethylated
cytosines. Results were expressed as the methylation per-
centage at each individual CpG site as well as the average
methylation level across all analyzed sites.

Genotyping of the CNRI rs1049353 and FAAH
rs324420 single nucleotide polymorphisms (SNPs) was
performed by pyrosequencing using 100 ng of genomic
DNA. Five AN samples were excluded due to insufficient
initial sample concentration. PCR amplification was car-
ried out using the PyroMark PCR Kit (Qiagen, Hilden,
Germany) with a biotinylated primer, according to the
manufacturer’s instructions. Custom PyroMark assays
specifically designed for the CNRI rs1049353 and FAAH
rs324420 SNPs were used for the analysis. Detailed infor-
mation on the sequences and assay conditions is pro-
vided in Table S2.

cDNA synthesis and MiRNA analysis

miRNAs targeting CNRI and FAAH were identified via
three databases: miRDB (https://mirdb.org/mirdb/index.
html) [49], miRWalk (http://mirwalk.umm.uni-heidelber
g.de/) [50], and TargetScan (https://www.targetscan.org/
vert_80/) [51]. In miRDB and TargetScan, we considered
miRNAs with a score greater than 80, while for miRWalk,
we included miRNAs that specifically target the 3’ UTR.
For CNRI, miRNAs appearing in all 3 databases were
selected; for FAAH, those found in at least two, given the
lower number of matches. This yielded 39 miRNAs for
CNRI1 and 42 for FAAH.

Further screening via Human microRNA Disease Data-
base (HMDD, http://www.cuilab.cn/hmdd) [52] and
PubMed identified miRNAs linked to psychiatric disor-
ders, mental health conditions, and metabolic disorders.
Based on these findings, four miRNAs (miR-16-2-5p,
miR-342-3p, miR-23b-3p and miR-212-3p) for CNRI
gene and five (miR-4505, miR-664b-5p, miR-1275, miR-
4270 and miR-1249-5p) for FAAH genes were selected
for further analysis.

miRNA expression was assessed by quantitative PCR
(qPCR) after reverse transcription using miRCURY LNA
RT kit (Qiagen, Hilden, Germany). qPCR reaction was
performed using sensiFAST SYBR ™ Green. Detailed
information on primer sequences is provided in Table S3.
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The level of microRNA was normalized using hsa-
miR-16-5p as endogenous reference. Reactions were
performed in duplicates on a QIAquant 96 5 plex Real-
Time PCR System (Qiagen, Hilden, Germany). The 274
method was used to evaluate the relative expression of
selected microRNAs using mean log2 fold change values
of selected microRNAs and controls.

Transcription factors binding site analysis

To identify transcription factors (TFs) which binding
might be affected by the differentially methylated CpG
sites regions of CNRI and FAAH genes, we performed
motif scanning of the JASPAR2024 database [53] using
the JASPAR2024 package (DOI: https://doi.org/10.18129
/B9.bioc.JASPAR2024) in R. Specifically, we queried our
sequences of interest against the curated position fre-
quency matrices (PFMs) of TF available in JASPAR and
selected TFs whose consensus motifs aligned with our
regions with a minimum score of 80%.

To refine biologically relevant candidates, we applied a
multi-step filtering strategy focused on CpG sensitivity.
We first selected TFs whose consensus motifs included
CpG dinucleotides (i.e., “CG”) within the core binding
site. We then restricted the results to TFs whose pre-
dicted binding sites occurred precisely at CpG sites iden-
tified in our methylation analysis of FAAH and CNRI,
with a conservation score >0.8 in the position probability
matrix, PPM.

Statistical analysis

Sample size calculations were performed using G*Power
3.1.9.7, assuming a medium effect size (Cohen’s d=0.5),
a=0.05, and power =0.80, yielding a minimum required
sample size of 32 per group. Our sample sizes exceed this
threshold.

Statistical data analysis was performed using Prism°
11 (GraphPad Software, San Diego, CA) and R studio
4.4.2 (Posit, Boston, MA, USA). Results are expressed as
mean = SD, frequencies or percentages. Mann—Whitney
test assessed methylation and miRNA expression; Holm-
Sidak correction was applied for multiple comparisons.
Genotype distributions were analyzed via chi-square test.
Spearman’s coefficient was used for correlations. Signifi-
cance was set at p <0.05.

Results

DNA methylation analysis

CNRI gene showed significant hypermethylation in AN
compared to CTRL (average methylation: 8.61+3.87%
vs. 5.19+1.393%, p<0.0001), at all five CpG sites exam-
ined (p<0.05 for all positions) (Fig. 1la). Position-spe-
cific mean methylation levels (+SD) for controls vs.
AN were: Position 1 (2.046+0.769% vs. 3.72+4.36%),
Position 2 (8.83+2.76% vs. 16.55+9.96%), Position 3
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Fig. 1 DNA methylation at a CNRT and b FAAH gene promoters. DNA methylation percentages are shown for the individual CpG sites and their AVE in
CTRL (open circles), and AN (blue (CNRT) and orange (FAAH) circles) groups. Red horizontal lines indicate group medians. Statistical significance is indi-
cated by asterisks (Mann-Whitney test, *p <0.05, **p <0.01, ***p <0.001). ANanorexia nervosa, AVE average, CNRT cannabinoid receptor 1, CTRL control,

FAAH fatty acid amide hydrolase

(6.57+£1.712% vs. 8.01+3. 88%), Position 4 (4.44+1.41%
vs. 6.60+3.27%), and Position 5 (4.06+3.07% vs.
8.16 £5.53%).

In contrast to the hypermethylation observed in CNR1,
the FAAH gene showed significant hypomethylation in
AN compared to controls across all CpG sites (p <0.0001
for all positions, average methylation: 28.76 +4.66% vs.
38.88+7.12%) (Fig. 1b). Position-specific mean meth-
ylation levels (+SD) for controls vs. AN were: Posi-
tion 1 (39.94+10.50% vs. 24.15+6.75%), Position 2
(34.89 £8.04% vs. 23.21 +5.28%), Position 3 (46.87 + 6.30%
vs. 39.45+4.76%), and Position 4 (33.81+5.30% vs.
28.05+3.30%).

Correlation analysis revealed significant associations
between methylation levels at CpG sites within the CNR1
and FAAH genes. Notably, methylation at CNRI CpG
Position 2 showed a strong and highly significant nega-
tive correlation with methylation at all FAAH CpG sites
(p<0.05) (Fig. 2), indicating that higher methylation lev-
els in CNRI correspond to lower methylation levels in
FAAH gene. Additionally, the mean CNRI methylation
level was also negatively correlated with all FAAH CpG
sites (p <0.05), except for CpG site 3, further supporting
the presence of a coordinated and site-specific epigenetic
interaction between these two key components of the
endocannabinoid system. Moreover, FAAH CpG site 1
was significantly correlated with CNRI1 CpG Positions 4
and 5 (p <0.05), reinforcing the idea of specific cross-reg-
ulatory methylation patterns between distinct loci within
the two genes.

Genetic analysis

The allelic distribution of CNR1 SNP rs1049353 did not
differ significantly between AN patients and controls
(p=0.356). The observed genotype frequencies were as
follows: CTRL-G =29, G/A=11; AN—G =27, G/A=6.

Similarly, analysis of the FAAH SNP rs324420 revealed
no statistically significant differences in genotype distri-
bution between groups (p = 0.680). Genotype frequencies
were: CTRL-C=26, A/C=13, A=1; AN—C=25, A/C=6,
A=2.

Genotype-stratification DNA methylation analysis
showed that among G/G carriers of rs1049353, indi-
viduals with AN had significantly higher methylation
at all CpG sites except CpG site 3 compared to controls
(p<0.05, Fig. 3a). No significant differences were found in
G/A carriers (Fig. 3b), suggesting a possible modulatory
role of the A allele on nearby CpG methylation.

For rs324420, C/C carriers with AN exhibited signifi-
cant lower methylation across all CpG sites than con-
trols (p<0.001, Fig. 3c), while C/A carriers also showed
reduced methylation in AN patients compared to con-
trols (p <0.01, Fig. 3d).

MiRNA expression analysis

Exosomal miRNA profiling from salivary samples
revealed distinct expression patterns of miRNAs pre-
dicted to target key components of ECS. Nine candidate
miRNAs, selected for their potential regulation of CNRI
and FAAH genes, were subsequently analyzed for their
potential associations with psychiatric disorders, mental
health conditions, and metabolic diseases.

Individual miRNA measurements showing delayed ref-
erence miRNA amplification were excluded from analysis
to maintain data quality, accounting for the missing val-
ues observed in the expression dataset.

Out of the nine selected miRNAs, only three targeting
CNRI (miR-342-3p, miR-23b-3p and miR-212-3p) and
two targeting FAAH genes (miR-4505 and miR-1275)
showed significant differential expression, indicating
functional relevance. Among the remaining miRNAs,
miR-1249-5p did not yield any detectable expression
levels in our samples and was therefore excluded from
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further analysis, while the others did not display sig-
nificant expression differences between experimental
groups.

For miRNAs without significant differential expression,
the mean log, fold change (log,FC) values in CTRL vs.
AN were as follows: — 3.67e-9 vs. 0.116 for miR-16-2-5p;
- 6.071e-7 vs. 0.011 for miR-664b-5p and -4.41e-7 vs.
0.062 for miR-4270.

miR-342-3p and miR-23b-3p, which target the CNRI
mRNA, were significantly upregulated in AN patients
compared to controls (log,FC=0.29 vs. — 9.09e-6,
p=0.0024 for miR-342-3p; log,FC=0.44 vs. 5.556e-6,
p<0.0001 for miR-23b-3p) (Fig. 4a and b).

In contrast, miR-212-3p showed the opposite trend.
When comparing the two groups, a significant downreg-
ulation was observed in the AN group (log,FC = - 0.30
vs. — 3.12e-6, p<0.047) (Fig. 4c).
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Fig. 3 a, b CNRT methylation by rs1049353 genotype in CTRL and AN patients. Mean CNRT methylation levels (+SD) at five CpG sites and their AVE,
comparing CTRL and AN groups within rs1049353 G/G (a) and G/A (b) genotype carriers. Asterisks indicate statistical significance (Mann-Whitney test,
*p<0.05, ***p <0.001). ¢, d FAAH methylation by rs324420 genotype in CTRL and AN patients. Mean FAAH methylation levels (+ SD) at four CpG sites and
their AVE, comparing CTRL and AN groups within s324420 C/C (c) and C/A (d) genotype carriers. Asterisks indicate statistical significance (Mann-Whitney
test, **p <0.01,**p <0.001, ****p <0.0001). AN anorexia nervosa, AVE average, CNR1 cannabinoid receptor 1, CTRL control, FAAH fatty acid amide hydrolase

Among the five selected miRNAs predicted to tar-
get FAAH, only miR-4505 and miR-1275 were found to
be differentially expressed. In both cases, AN patients
showed increased expression levels compared to the total
control group (log,FC=0.85 vs. — 6.06e-7, p<0.0001 for
miR-4505 and log,FC=1.04 vs. 3.23e-7, p<0.0001 for
miR-1275) (Fig. 4d and e).

Correlation between DNA methylation and MiRNA
expression

We observed variable correlations between CNRI meth-
ylation and miR-342-3p expression, with Spearman’s r
ranging from 0.09 to 0.27 and non-significant p-values
(p>0.1), except for CpG site 5, which showed a signifi-
cant positive correlation (r=0.27, p=0.03). A similar
pattern emerged for miR-23b-3p, with r values ranging
from 0.12 to 0.39 and significant positive correlations at
CpG sites 2, 4 and 5 and in the average methylation level

(p<0.05), suggesting that increased methylation is asso-
ciated with higher miRNA expression. In contrast, miR-
212-3p showed weak negative correlations with CNRI
methylation (r ranging from - 0.22 to - 0.04), none statis-
tically significant (p>0.07), indicating a possible inverse
relationship that requires further investigation (Fig. 5a).

The correlation between FAAH methylation and its
targeting miR-4505 and miR-1275 expression was con-
sistently negative (r = - 0.42 to — 0.52) and statistically
significant (p<0.001) across all sites, suggesting that
increased FAAH methylation is associated with reduced
miRNA expression (Fig. 5b).

TF binding site (TFBS) analysis

This analysis identified a total of three TFs with poten-
tial binding sites overlapping CpG dinucleotides, two for
CNR1 gene—BARHL1 and ZIC5—and one for FAAH
gene—GMC1. These candidates showed a positional
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compatibility with the CpG sites characterized in our
methylation analysis (detailed information on the
sequence analyzed is provided in Table S1). These TFs
represent the most compelling candidates for methyla-
tion-dependent regulation at the CpG sites analyzed in
this study. Detailed results on TFBS analysis are reported
in Table S4.

Subgroup analyses

To examine whether our findings were influenced by
clinical characteristics, we performed stratification analy-
ses based on BM], illness duration, medication use, and
presence of purging behaviors. No significant differences
were observed between AN patients and controls across
any of these subgroups (all p>0.05), indicating that our
results are robust across different clinical presentations
(Table S5).

Discussion

The present study aimed to provide evidence for the
involvement of the ECS in AN pathophysiology and high-
light CNRI and FAAH as potential biomarkers for this
challenging psychiatric disorder.

To address existing knowledge gaps, we conducted an
integrated analysis of DNA methylation, genetic variants,
TFs and exosomal miRNA profiles in AN patients com-
pared to healthy controls.

DNA methylation analysis revealed distinct patterns
in CNRI and FAAH genes. AN patients showed sig-
nificant hypermethylation across all CpG sites in the
CNR1 promoter, likely reducing CB1 receptor expres-
sion, as demonstrated in previous studies where Cnrl
promoter methylation negatively correlated with the CB
receptor expression levels [41]. In contrast, FAAH pro-
moter region was consistently hypomethylated in AN
group. Based on established epigenetic principles, hypo-
methylation typically is associated with increased gene
expression [54], which, in this case, potentially enhance
anandamide degradation.

These opposite methylation patterns result in con-
vergent functional impairment: reduced CB1 receptor
expression (via CNRI hypermethylation) and increased
ligand degradation (via FAAH hypomethylation), indi-
cating overall reduction in endocannabinoid tone. This
dual-target approach provides mechanistic insight into
how the biological system systematically compromises
ECS function by simultaneously targeting receptor avail-
ability and endocannabinoid degradation.

Targeting single components might allow compensa-
tory responses maintaining residual ECS function. How-
ever, simultaneous dysregulation of both components
creates effective pathway-wide impairment. This sug-
gests AN involves sophisticated regulatory orchestration
rather than random molecular disruptions.
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This mechanistic framework helps contextualize
the complex and often contradictory findings regard-
ing ECS function in AN. Prior evidence on CB1 recep-
tor and AEA/2-AG levels in AN, have been limited and
inconsistent so far [20, 43, 55-57]. Some studies suggest
elevated AEA and CB1 receptor upregulation as adaptive
responses to promote hunger and energy balance [20, 31,
32]. Gérard and colleagues explained the increased CB1
receptor availability in the insular, frontal, and temporal
brain regions of AN patients as a functional compen-
satory response to the underactive ECS [56], partially
supported by PET imaging in ABA rats [29]. Others asso-
ciate receptor downregulation with greater ED sever-
ity and impulsivity [20, 55]. Lastly, some studies report
ECS normalization after weight restoration [29], while
others show persistent dysregulation [31, 33]. These dis-
crepancies may reflect complex CB1 receptor and ligand
regulation in eating disorders, where the epigenetic up-
or downregulation could be explained by ED timing or
severity, or could eventually coexist according to tissue-
specific differences or specific functional connectivity
circuits [27].

Having identified coordinated methylation changes, we
next examined the potential functional consequences of
these epigenetic alterations. Since TFs play a pivotal role
in regulating gene expression [58] and DNA methyla-
tion at CpG sites can alter TF binding affinity [59, 60], we
analyzed the differentially methylated CNRI and FAAH
genes regions and identified three predicted TFBS: BarH
like homeobox 1 (BARHL1), glial cells missing transcrip-
tion factor 1 (GCM1) and Zic family member 5 (ZIC5).
ZIC5 is involved in central nervous system development
[61], while BARHLI1 has been reported as methylation-
sensitive, exhibiting reduced DNA binding affinity when
CpG dinucleotides carry 5-methylcytosine [60].

Hypermethylation in the CNRI promoter may block
TF binding and repress transcription, while FAAH
hypomethylation may enhance TF recruitment and
gene activation [62]. This suggests reduced CB1 recep-
tor availability and increased endocannabinoid degra-
dation. While our results are correlative, they provide a
mechanistic framework that warrants further validation
through functional assays.

Our findings also suggest that genetic variation may
influence these epigenetic patterns, adding another layer
to the coordinated dysregulation. The observed correla-
tion between genetic variants and methylation patterns,
with carriers of the CNRI rs1049353 risk allele showing
higher methylation levels at specific CpG sites, exem-
plifies the complex interplay between genetics and epi-
genetics in multifactorial disorders [63]. Genetic studies
have identified specific polymorphisms in both CNRI
and FAAH, such as rs1049353 in CNRI and rs324420 in
FAAH, which have been linked to altered ECS function
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and an increased predisposition to eating disorders
[43]. These polymorphisms may influence mRNA sta-
bility, receptor activity, or enzyme efficiency, ultimately
affecting ECS signaling in AN. This suggests that genetic
predisposition may influence epigenetic responses to
environmental factors, creating personalized vulnerabil-
ity profiles.

To complete our multi-layered analysis of ECS regula-
tion, we investigated miRNA-mediated post-transcrip-
tional control. The exosomal miRNA profiling yielded
particularly interesting results that align with emerging
literature on post-transcriptional regulation in psychiat-
ric disorders [64—66]. To our knowledge, no prior miRNA
sequencing or array studies have been conducted specifi-
cally in AN, highlighting the novelty of these findings.

We identified miR-342-3p and miR-23b-3p—both tar-
geting CNR1 mRNA—as significantly upregulated in AN,
while miR-212-3p showed a notable decrease. The miR-
342-3p and miR-23b-3p could contribute to the downreg-
ulation of CB1 receptor signaling, potentially explaining
some of the characteristic symptoms of AN such as hypo-
phagia, anhedonia, and heightened anxiety. Conversely,
the reduction in miR-212-3p, a miRNA previously linked
to neuroplasticity and stress resilience [67], may reflect a
vulnerability to chronic stress and emotional dysregula-
tion in AN, reflecting a loss of regulatory input that nor-
mally supports CNRI expression, suggesting that both
increased inhibitory and decreased supportive miRNA
signals converge to suppress the endocannabinoid system
in anorexia nervosa.

Regarding FAAH-targeting miRNAs, miR-4505 and
miR-1275 were upregulated, typically leading to reduced
FAAH expression, contrasting with observed hypo-
methylation, which would typically be associated with
increased gene expression. This finding presented an
apparent paradox but suggests a complex regulatory net-
work where the increased expression of these miRNAs
expression may represent a compensatory mechanism
attempting to counteract the effects of FAAH promoter
hypomethylation.

Thus, ECS dysregulation seems to involve competing
regulatory forces—primary epigenetic drivers versus sec-
ondary miRNA responses—suggesting a dynamic equi-
librium rather than unidirectional pathway suppression.

To further explore this dynamic regulatory relation-
ship, we also investigated the relationship between
miRNA expression and DNA methylation. At specific
CNRI1 CpG sites, increased methylation correlated with
higher miR-342-3p and miR-23b-3p expression, suggest-
ing a coordinated regulatory mechanism where epigen-
etic modifications may influence miRNA expression [68],
potentially contributing to the fine-tuning of gene expres-
sion in AN patients. However, this was not consistent
across all sites, indicating that methylation’s impact on
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miRNA regulation might be site-specific or modulated
by additional factors. Interestingly, miR-212-3p exhib-
ited a weak inverse trend with methylation, though not
statistically significant. This divergent pattern hints at the
complexity of epigenetic and post-transcriptional inter-
actions, suggesting that different miRNAs might respond
distinctly to methylation changes, reflecting diverse regu-
latory roles or feedback mechanisms. Further research
is necessary to elucidate these dynamics and their func-
tional consequences in the pathophysiology of AN.

The FAAH system exhibited an opposite regulatory
pattern, where the inverse correlation between DNA
methylation and miRNA expression adds another layer
of complexity. While hypomethylation would typically
predict increased gene expression, the concurrent reduc-
tion in its targeting miRNAs could represent a compen-
satory response aimed at maintaining homeostasis. Such
opposing regulatory influences might reflect the biologi-
cal system’s attempt to balance FAAH activity through
multiple levels of control, highlighting the intricate cross-
talk between epigenetic and post-transcriptional mecha-
nisms. This apparent paradox aligns with observations
in other complex disorders, where competing regulatory
pathways often coexist, underscoring the need for inte-
grated approaches to fully understand gene regulation in
psychiatric conditions [69].

These results not only point to a previously unexplored
epigenetic modulation of the ECS in AN, but also suggest
that specific miRNAs could serve as biomarkers or thera-
peutic targets in the future management of the disorder
[70].

One key finding of our study is the potential of inte-
grated biomarker panels combining methylation sta-
tus, genetic variants, and miRNA profiles. Such a
multi-dimensional approach might provide superior
diagnostic accuracy compared to individual mark-
ers alone, aligning with the comprehensive biomarker
approach proposed for complex psychiatric disorders
[71,72].

Using salivary samples could provide practical advan-
tages for biomarker development in AN. Saliva collection
is non-invasive, stress-free, and well-accepted by patients
with psychiatric disorders [73], potentially allowing for
more frequent monitoring of disease status and treat-
ment response in future clinical applications. This could
be particularly relevant in AN, where patients often
exhibit high levels of medical distrust and resistance to
invasive procedures. Moreover, emerging research sug-
gests that salivary DNA methylation patterns may reflect
certain central processes [74], indicating potential for
psychiatric biomarker development. However, significant
additional research and validation studies are needed
before such approaches could be considered for clinical
implementation.
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Our findings have potential therapeutic implications
beyond biomarker development. Studies on ECS dysreg-
ulation already suggested that targeting this system might
offer novel treatment approaches for AN. Cannabinoid
receptor agonists have been showed to stimulate appetite
and reduce anxiety-like behaviors in AN models [75], and
dronabinol, a synthetic cannabinoid, has yielded promis-
ing results in severe cases [76]. Moreover, the identified
ECS genetic variants, given their associations with AN
susceptibility [42, 43], may potentially predict individual
treatment response. Such genotype-guided approaches
align with precision psychiatry principles advocated for
ED [77]. However, despite these promising observations,
the absence of curative ECS-based therapies for AN
highlights the need for treatments that address the coor-
dinated dysregulation we identified rather than isolated
molecular targets. In fact, given the bidirectional epigen-
etic changes we observed, therapeutic strategies may be
more effective when designed to modulate the entire dys-
regulated pathway rather than single molecular targets. A
strength of our study is the consistency of findings across
AN subtypes. Despite differences in clinical presentation
and behaviors (including presence or absence of purging),
both AN-restrictive and AN-binge/purge patients exhib-
ited similar patterns of ECS dysregulation. This suggests
that our salivary biomarkers reflect core AN pathophysi-
ology rather than being confounded by subtype-specific
factors such as purging behaviors that might alter salivary
composition.

Limitations

While these insights are promising, limitations must be
acknowledged. The cross-sectional nature of our primary
analysis limits conclusions about causality—whether ECS
alterations drive AN or result from malnutrition and
weight loss is unclear, as noted in biomarker research
[78]. Future longitudinal studies tracking patients across
different illness phases would help clarify whether the
observed epigenetic alterations represent state- or trait-
markers of AN. Furthermore, while saliva offers practi-
cal advantages, the link between peripheral and central
epigenetic markers requires further investigation [79].
Moreover, several AN-specific factors may influence
salivary sample quality and composition. For instance,
purging behaviors can alter salivary pH and composition
or medications taken by some patients may affect saliva
production and characteristics. However, the consistency
of findings across AN subtype and across multiple molec-
ular measures (DNA methylation, miRNAs), as well as
the significant correlations between them, suggest that
our results reflect biological signals rather than technical
artifacts related to sample quality. Future studies should
include systematic assessment of salivary pH, flow rate,
and composition parameters to better understand their
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potential confounding effects. Another limitation is the
absence of direct CNRI and FAAH mRNA expression
measurements. Even if both genes are expressed in sali-
vary leukocytes, we prioritized exosomal miRNA analysis
due to the greater technical challenges and lower repro-
ducibility associated with cellular mRNA extraction from
saliva, where RNase activity and variable sample quality
can compromise mRNA integrity.

Conclusions

In conclusion, our findings establish bidirectional epi-
genetic dysregulation as a fundamental mechanism
underlying ECS dysfunction in AN, while also support-
ing the potential of CNRI and FAAH as biomarkers. The
integrated analysis of DNA methylation, genetic vari-
ants, transcription factors, and exosomal miRNA profiles
provides a comprehensive approach to understanding
ECS dysregulation in AN and developing clinically use-
ful biomarkers. This mechanistic framework transforms
biomarker identification from descriptive observation
to functional understanding, revealing how coordinated
molecular changes systematically impair appetite-regu-
lating pathways.

Our work demonstrates that multi-modal molecu-
lar analysis can generate genuine mechanistic insights
that inform therapeutic strategy development. Future
research should focus on validating these markers in
larger, longitudinal cohorts, establishing normative
ranges, and developing standardized assays for clinical
implementation. Additionally, translating the coordi-
nated dysregulation concept into targeted therapeutic
interventions represents a critical next step toward mech-
anistically-informed precision medicine for AN.

This work represents an important step toward objec-
tive biological markers for AN, potentially improving
diagnosis, treatment monitoring, and personalized inter-
vention strategies for this challenging disorder.

Understanding the relationship between peripheral
and central epigenetic signatures is essential before any
clinical application can be considered, and our findings
should be viewed as a preliminary step toward clarify-
ing the potential utility of salivary biomarkers in AN
research.
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