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Abstract: Polygenic factors are relevant for the genetic pre-
dispositions to the eating disorder anorexia nervosa (AN).
The most recent genome-wide association study (GWAS)
for AN comprised almost 17,000 patients with AN and con-
trols. A total of eight genome-wide significant polygenic
loci associated with AN have been identified. Each single
polygenic locus makes only a small contribution to the de-
velopment of AN. Analyses across different traits success-
fully identified regions/genes for AN that had not been de-
tected by analyses of the single traits. Functional studies
of the genes derived by GWAS studies aim to improve the
understanding of the biological mechanisms involved in
eating disorders. Epigenetic studies have not yet success-
fully contributed to the understanding of AN.
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Zusammenfassung: Polygene Faktoren sind für die ge-
netische Prädisposition der Essstörung Anorexia nervosa
(AN) relevant. Die jüngste genomweite Assoziationsstudie
(GWAS) für AN umfasste fast 17.000 Patienten mit AN und
Kontrollen. Insgesamt wurden acht genomweit mit AN as-
soziierte polygene Loci identifiziert. Jeder einzelne polyge-
ne Locus trägt nur in geringem Masse zur Ausprägung ei-
ner AN bei. Durch Analysen über verschiedene Merkma-
le hinweg konnten Regionen/Gene für die AN identifiziert
werden, die durchAnalysen der einzelnenMerkmale nicht
nachgewiesen wurden. Funktionelle Untersuchungen der
von GWAS-Studien abgeleiteten Gene sollen das Verständ-
nis der biologischenMechanismen verbessern, die an Ess-
störungen beteiligt sind. Epigenetische Studien haben bis-
lang keinen relevanten Beitrag zum Verständnis der AN
leisten können.
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Introduction

The hallmark of AN is a significantly reduced body weight
associated with mortality 12 times higher than all other
causes of death in adolescence and early adulthood in fe-
males [1]. The Diagnostic and Statistical Manual of Men-
tal Disorders, 5th ed. (DSM-V) [2] criteria for anorexia ner-
vosa (AN) include in short: (A) restricted energy intake,
so that a significantly low body weight ensues, (B) in-
tense fear to gain weight, and (C) severely disturbed body
weight or shape experience. There are also defined sub-
types: (1) restricting type (weight loss is accomplished pri-
marily through dieting, fasting, and/or excessive exercise)
and (2) binge-eating/purging type (recurrent episodes of
binge-eating or purging behavior like, e. g., self-induced
vomiting or the misuse of laxatives and diuretics). These
figures, as well as an overall lifetime prevalence of approx-
imately 0.5% [3], call for amore sophisticated understand-
ing of the biological underpinnings of AN to provide tar-
geted therapy and alleviate the substantial impact of AN
on quality of life and long-term mortality. Genetics, how-
ever, have only contributed limited insights into the un-
derlying causes of AN until recently. While it was known
since the first family and twin studies that eating disor-
ders (EDs) have a significant genetic background, only re-
cently progress has been made narrowing down the genes
likely underlying AN by combining new approaches in ge-
netic research and statistics, as well as by increasing sam-
ple sizes as a result of international collaboration. Subse-
quently, we will first discuss formal genetic studies and
then turn to the most recent research methodology that
has introduced a new era of insights into the genetic un-
derpinnings of AN.

Formal genetic studies

Family studies provide evidence of a 10 to 11 times higher
risk of an ED in first-degree female relatives of patients
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with AN. Twin studies provide heritability estimates of
38–84% in AN [4]. Interestingly, the remaining variance
associated with the risk to develop AN in twins is at-
tributable to unique environmental factors, as the effects
of shared environmental factors seem negligible [5–7].

Estimates of genetic heritability in AN obviously vary
considerably, which primarily reflects varying definitions
of AN,with higher heritability formore narrowdefinitions,
e. g., only includingpatientswith the restricting type ofAN
[4, 5].

However, independently of the exact definition of AN,
findings regarding the heritability of AN have been repli-
cated in several countries relying on different samples,
which underscores a genetic cause of AN even though es-
timates essentially build on European and western popu-
lations.

Moreover, findings from family studies indicate a co-
heritability between AN and bulimia nervosa [8], which
was recently confirmed by twin studies [5, 9] that addition-
ally relate AN to other psychiatric comorbidities as major
depression and obsessive-compulsive disorder [10, 11].

Linkage studies and candidate gene
studies

To overcome the drawback of twin studies to only indi-
cate heritability without information on genes and genetic
variants involved in the clinical phenotype of AN, histor-
ical next steps in genetics have been linkage and candi-
date gene studies. Recently, a comprehensive overview of
findings from these types of studies was published [12].
Analyzed genes were primarily related to neural signal-
ing, either by neurotransmitters acting globally or by hor-
mones affecting the hunger and satiety regulatory system
in subcortical structures of the brain, such as the hypotha-
lamus [5, 12]. However, and even though promising due to
feasible physiological mechanisms, especially at the core
of candidate gene studies, the majority of results could
not be confirmed in larger samples and meta-analyses
provided ambiguous evidence [12, 13]. Moreover, recent
genetic approaches as genome-wide association studies
(GWAS) could not confirm findings from either linkage or
candidate gene studies (e. g., [14–16]). Summarizing, nei-
ther linkage nor candidate gene studies led to the discov-
ery of solidly confirmed genes for AN, but these types of
studies have been an important step in the chronology to
gain insights into the genetic underpinnings of AN.

Polygenic variants identified by
GWAS

GWAS, relying on the analysis of single nucleotide poly-
morphisms (SNPs), have proven extremely successful for
the identification of genetic variations related to complex
traits/disorders and have currently revealed more than
50,000 loci for numerous disorders and phenotypes (http:
//www.ebi.ac.uk/gwas/). Assuming 1,000,000 analyzed
SNPs per individual on average, control of type I error
is mandatory by accounting for multiple testing. Thus, a
Bonferroni-corrected threshold of P ≤ 5×10−8 has emerged
as the golden standard to account for the problem of mul-
tiple testing [17]. Unfortunately, a substantial number of
potentially truly associated SNPs cannot be identified due
to this stringent threshold [18] unless there is sufficient sta-
tistical power by adequate sample sizes.

For AN, the first GWAS that identified a significant lo-
cus comprised a total of 3,495 patients with AN and 10,982
controls [14]. A single genome-wide significant locus
was identified on chromosome 12 (lead SNP: rs4622308).
Interestingly, the respective chromosomal region com-
prises previously reported hits for diabetes mellitus type
1 and autoimmune disorders. A GWAS focusing on low-
frequency and rare variants (exome-chip) was performed
in 2,158 cases with AN and 15,485 controls, and revealed
no genome-wide significant association. This result might
be explained by the small number of analyzed individu-
als combined with small effect sizes [15]. However, only
most recently data from almost 17,000 patients affected by
AN could be combined by an effort of the Anorexia Ner-
vosa Genetics Initiative (ANGI) and the Eating Disorders
Working Group of the Psychiatric Genomics Consortium
(PGC-ED), which led to the identification of eight chromo-
somal regions genome wide significantly associated with
AN [16]. One of the identified regions was also associated
with type 2 diabetes mellitus. The eight chromosomal re-
gions altogether comprised 121 genes. Most of these are
primarily expressed in the brain. Subsequent analyses of
these genes by different in silico tools (e. g., analyses of reg-
ulatory chromatin interactions) and by publicly available
large-scale in vitro data (e. g., brain expression quantita-
tive trait locus analysis) revealed that four of these genes
(CADM1,MGMT, FOXP1, and PTBP2) might be more likely
to be causally related to the etiology of AN. CADM1 pro-
tein levels are elevated in the hypothalamus. Genetic vari-
ants nearCADM1have also been implicated inBMI and age
at menarche by GWAS. FOXP1 knockout mice display a re-
duction in body weight. Brain-specific deletion of FOXP1
causes structural defects in striatal development. MGMT
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and PTBP2 are implicated in epigenetic regulation and
the assembly of other splicing-regulatory proteins, respec-
tively, also in the brain [16].

Interestingly, the only single significant region identi-
fied by GWAS related to AN [14] until 2019 could be con-
firmed neither by Watson et al. [16] nor by Huckins et al.
[15]. However, the number of participants (n = 2,158) in
the study conducted by Huckins et al. [15] might have been
too low for confirmation. Moreover, Watson et al. [16] dis-
cuss severalmechanisms thatmight explain this lack of re-
producibility, such as the winner’s curse, moderator vari-
ables explaining significant between-cohort heterogene-
ity, and differences in linkage disequilibrium structure
across compiled cohorts from the ANGI and the PGC-ED.

Summarizing results from GWAS, only a few regions
related to AN have been identified by now. Nevertheless,
irrespective of the GWAS conducted, SNP-based heritabil-
itywas estimated at 20%. Thus, by further increasing sam-
ple sizes, additional SNPs are expected to be discovered by
GWAS soon.

Genetic variants and brain imaging

Given the findings by Watson et al. [16] implying primarily
brain-expressed genes in the etiology of AN, we provide a
short overview of the genotype–brain phenotype relation-
ship in AN, as evidenced by brain imaging studies.

Structural MRI studies in AN imply that cortical
changes observed in AN recover with weight restoration
and are therefore likely not primarily genetically driven [1].
Moreover, also considering the subcortical architecture in
AN, there is limited evidence of a significant effect of com-
mon genetic variants shaping subcortical brain volumes
at a global level, when combining different genetic meth-
ods (e. g., linkage disequilibrium score regression [LDSC],
genetic risk scores, and Mendelian randomization) to re-
late regional brain volumes to the genetic risk of AN based
on GWAS summary statistics. However, there is suggestive
evidence for the effects of single genetic markers on se-
lected subcortical structures [19]. Despite preliminary ev-
idence of a distinct pattern of changes in the white mat-
ter compartment of the brain in AN, it has not yet been
tried to relate these changes to common genetic variants
[20, 21]. However, considering most recent GWAS findings
in the analysis of brain imaging studies, employing new
and complementary statistical methods (see above) and
drawingupon larger sample sizes inMRI studiesmight dis-
close a significant genotype–brainphenotype relationship
in AN.

Cross-trait analyses
LDSC is a relatively new statistical method that allows,
amongst others, to estimate genetic correlations between
different phenotypes from GWAS summary statistics. In
doing so, LDSC accounts for linkage disequilibrium and is
not biased by overlapping samples [13]. Initially, LDSCwas
used to estimate 276 genetic correlations with 24 traits, in-
cluding obesity, AN, and educational attainment. A neg-
ative genetic correlation between BMI and AN was ob-
served.Hence, a substantial subgroupof alleles associated
with lower BMI overlaps with the SNP-based genetic pre-
disposition to AN [22]. These findings have subsequently
been confirmed [14], most recently by Watson et al. [16].

Other negative genetic correlations were found be-
tween AN and serum fasting insulin, insulin resistance,
glucose levels, triglycerides, and low-density lipoproteins,
and thus metabolic traits [14, 16]. In sequel to the first ge-
netic evidence of a distinct metabolic phenotype in AN, as
evidenced by results from the GWAS conducted by Dun-
can et al. [14], Ilyas et al. [23] provided preliminary evi-
dence of increased insulin sensitivity fromameta-analysis
of 12 studies and Hussain et al. [24] reported elevated to-
tal cholesterol concentrations in acutely ill AN patients
that even seem to persist after partial weight restoration
by meta-analyses of 31 and 10 studies, respectively.

Positive LDSC genetic correlations were reported be-
tweenAN and schizophrenia, neuroticism, educational at-
tainment, and high-density lipoprotein cholesterol, which
is well in line with psychiatric comorbidities reported in
twin studies. Thus, AN seems to be genetically related
to both mental phenotypes and metabolic traits and may
constitute a metabo-psychiatric disorder [16]. Note, how-
ever, that even though findings reported by Ilyas et al. [23]
and Hussain et al. [24] relied on meta-analyses and strin-
gent statistical thresholds, aggregated sample sizes were
still small. Thus, future GWAS with even larger samples
sizes will have to confirm recent findings.

Complementary to LDSC, a number of so-called look-
up studies (e. g., [25–27]) have been performed: Genome-
wide significant hits for one trait (e. g., BMI/obesity) were
looked-up in GWAS data for related traits (e. g., anorexia
nervosa), and vice versa, to identify shared genetic vari-
ants. Thus, the look-up of the 1,000 SNPs with the low-
est P-values in a GWAS for AN (no genome-wide signifi-
cant SNP in the respective study [28]) in the GWAS for BMI
[29] revealed three genomic regions seemingly relevant for
both. Risk alleles were the same for AN and lower BMI.
Special attention was drawn to a locus on chromosome 10
because the SNP allele associations with lower BMI were
mainly driven by females. The most recent GWAS for BMI
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[30] revealed that all SNPs identified in the look-up of AN
have now become significantly associated with lower BMI
genome-wide.

Epigenetics
Hübel et al. [31] recently reviewed the literature on epi-
genetic findings in AN considering global methylation as
well as candidate gene studies and epigenome-wide as-
sociations studies (EWASs). Global methylation studies
yielded an inconclusive picture with two studies report-
ing hypomethylation, one study reporting hypermethyla-
tion, and the fourth study with no evidence of methyla-
tion changes in AN in comparison with healthy controls.
In candidate gene studies, most regions were only pro-
filed once. Moreover, Hübel et al. [31] identified significant
methodological drawbacks of the candidate gene studies
conducted, for example, including acutely ill as well as re-
covered AN patients introducing significant heterogeneity
by confounding factors substantially affectingDNAmethy-
lation. EWASs examining CpG sites have identified a differ-
entially methylated spot annotated to TNXB, which could
not be replicated applying stringent corrections for mul-
tiple testing. Thus, at the moment, there is no evidence
of a distinct epigenetic pattern in AN. Epigenetic studies
face several challenges, including thenecessity of rigorous
control of confounding factors, tissue specificity of epige-
netic patterns, and, like GWAS, findings from EWASs do
not by themselves imply causality. Overcoming these ob-
stacles in epigenetic research by comprehensive study de-
signs probing different tissues, verifying results by new
genetic approaches such as Mendelian randomization al-
lowing for causal inference, and by increasing sample
sizes will provide additional and valuable insights in the
(epi)genetics of AN.

Clinical implications
Even though not yet at sight in the near future, insights
into the genetics of AN may serve for its primary or sec-
ondary prevention as well as its targeted treatment [13].
However, even today, findings on the heritability of AN
from formal genetic studies allow to informpatients on the
significant genetic backgroundofANas part of a treatment
schedule. Such information may result in relief, but may
likewise cause an unintended aggravation of psycholog-
ical distress by, for example, inducing self-blame in par-
ents whose offspring is affected by AN [4]. Thus, it is es-

sential to convey correct, neutral information on the ge-
netic aspects of AN. Only recently, Bulik et al. [4] provided
guidance for clinicians on genetic counseling of patients
affected by EDs. Summarizing their recommendations, Bu-
lik et al. [4] point out that it is crucial to convey that EDs are
not caused by either mere genetic or mere environmental
factors, but that a vulnerability to develop an ED may be
inherited. By conveying this information, they recommend
emphasizing that even a (significant) genetic risk for anED
may be mitigated by environmental factors that can be al-
tered significantly by the patient with an ED even though
perfection in handling environmental aspects is neither
necessary nor possible.

Compliance with ethical guidelines: For this article, no
studies with human participants or animals were per-
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