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Abstract

The objective is to determine whether variability in theMSRA gene, related to obesity and sev-
eral psychiatric conditions, may be relevant for psychopathological symptoms common in
Anorexia Nervosa (AN) and/or for the susceptibility to the disorder. A total of 629 women
(233 AN patients and 396 controls) were genotyped for 14 tag-SNPs. Psychometric evaluation
was performed with the EDI-2 and SCL-90R questionnaires. Genetic associations were carried
out by logistic regression controlling for age and adjusting for multiple comparisons (FDR
method). Two tag-SNPs, rs11249969 and rs81442 (with a pairwise r2 value of 0.41), were asso-
ciated with the global EDI-2 score, which measures EDI-related psychopathology (adjusted
FDR-q= 0.02 and 0.04, respectively). Moreover, rs81442 significantly modulated all the scales
of the SCL-90R test that evaluates general psychopathology (FDR-q values ranged from 4.1E-04
to 0.011). A sliding-window analysis using adjacent 3-SNP haplotypes revealed a proximal
region of the MSRA gene spanning 187.8 Kbp whose variability deeply affected psychopatho-
logical symptoms of the AN patients. Depression was the symptom that showed the strongest
association with any of the constructed haplotypes (FDR-q= 3.60E−06). No variants were
found to be linked to AN risk or anthropometric parameters in patients or controls.
Variability in theMSRA gene locusmodulates psychopathology often presented byANpatients.

Significant outcomes

• MSRA rs11249969 and rs81442 were significantly associated with ED-related and general
psychopathology in the AN patients.

• Depression was the symptom that showed the strongest association with the identified
MSRA haplotypes.

• Variability in a proximal region in the antioxidant MSRA gene locus profoundly modu-
lated psychopathological symptoms of AN patients.

Limitations

• The inclusion of more subjects would have been required in the case–control analysis to
unequivocally rule out an effect on AN risk.

• The age of the control subjects was significantly higher than that of the AN patients, which
could have partly contributed to the differences in the anthropological parameters.

• Psychometric scores were not available for the control group.

Introduction

Anorexia Nervosa (AN) is a complex disorder characterised by severe food restriction, fear of
weight gain, and body image distortion, all of which leads to the highest mortality rate of any
psychiatric disease (Arcelus et al. 2011). Traditionally, socio-cultural and family factors have
been considered the most important contributors to AN; however, in the last years, twin
and family studies have demonstrated the existence of high heritability estimates (Bulik
et al. 2006; Thornton et al. 2011), thus pointing out genetics as a key player in this eating dis-
order (ED) (Pinheiro et al. 2009).

Themethionine sulfoxide reductase A (MSRA) gene encodes an enzyme (MsrA) that reduces
oxidised methionine residues, contributing significantly to the defence against oxidative stress
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(Kim & Gladyshev 2007). This gene is highly expressed in several
areas of the brain and has in fact been related to several psychiatric
conditions, such as schizophrenia (Walss-Bass et al. 2009), bipolar
disorder (Ni et al. 2015) or Alzheimer’s (Gabbita et al. 1999) and
Parkinson’s disease (Wassef et al. 2007), as well as being associated
with a variety of behavioural traits and psychiatric symptoms
(Reiterer et al. 2019). In this regard, various genome-wide associ-
ation studies (GWAS), replication studies, and meta-analyses (Day
et al. 2016; Fan et al. 2017; Ma et al. 2011; Amare et al. 2018;
Luciano et al. 2018; Chu et al. 2020) have shown that the occur-
rence of variability in the MSRA gene locus is likely behind the
traits and psychiatric conditions observed.

The presence of genetic variants in theMSRA gene has also been
linked to obesity. Indeed, three meta-analyses of GWAS have sug-
gested that certain loci in or near this gene are body-mass index
(BMI) regulators (Lindgren et al. 2009; Scherag et al. 2010;
Dorajoo et al. 2012), which has been confirmed in some (Bille
et al. 2011; Albuquerque et al. 2014; Krishnan et al. 2017), but
not all (Gonzalez et al. 2014; Volckmar et al. 2016; Hotta et al.
2010) follow-up studies.

There is, therefore, a body of solid evidence supporting a signifi-
cant role of theMSRA gene in personality traits, psychiatric disor-
ders, and the regulation of BMI; however, its relation to ED
remains unexplored. In the present work, we aimed to address this
research gap by examining whether the variability in the MSRA
gene locus may be associated with ED-related and general psycho-
pathological symptoms that are commonly found in these patients.
In addition, by including a group of control subjects, we examined
the putative influence of this variability on AN risk.

Patients and methods

Subjects

The patient group consisted of 233 consecutive, Caucasian female
patients with AN who were referred to the Eating Disorders Unit
(Institute of Mental Disorders, Badajoz, Spain) by their General
Practitioner because of symptoms indicative of AN. Patients were
interviewed and diagnosed, according to Diagnostic and Statistical
Manual of Mental Disorders fifth edition (DSM-5) guidelines, by
collaborating clinicians who were blind to genotype. Exclusion cri-
teria included intellectual disability, dementia, schizophrenia,
Turner’s syndrome, other neurological disorders, and endocrine
pathologies. All patients or their legal guardians gave written con-
sent for their participation in the study, which had been approved
by the Bioethics Committee of the University of Extremadura
(March 6, 2018), and were carried out in accordance with the
Declaration of Helsinki and its subsequent revisions.

The control group consisted of 369 anonymous, female Spanish
donors with normal BMI and no records of psychiatric or endo-
crine disorders. Their genetic material was obtained from the
Carlos III DNA National Bank (University of Salamanca,
Salamanca, Spain).

Psychometric evaluation

To evaluate ED-related and general psychopathological symptoms,
the patients completed the Eating Disorders Inventory Test-2
(EDI-2) and the Symptom Checklist 90 Revised (SCL-90R) self-
reported questionnaires, respectively.

The EDI-2 questionnaire gives information about 11 items,
namely, Drive for Thinness, Bulimia, Body Dissatisfaction,
Ineffectiveness, Perfectionism, Interpersonal Distrust, Interoceptive

Awareness and Maturity Fears, Asceticism, Impulse Regulation,
and Social Insecurity. This test has been validated in the Spanish
population with high internal consistency between the different
traits examined (Guimera & Torrubia 1987). SCL-90R, which has
also been validated in Spaniards with good results (Derogaitis 2002),
provides scores obtained for Somatisation, Obsessive Compulsive,
Interpersonal Sensitivity, Depression, Anxiety, Hostility, Phobic
Anxiety, Paranoid Ideation, Psychoticism, and Additional Items.
These scores are summarised in three indexes, namely, Global
Severity Index (GSI), Positive Symptom Distress Index (PSDI),
and Positive Symptom Total (PST).

Genetic analyses

A 10-ml blood sample was drawn from each patient at the time of
their first visit to the ED unit and stored at −80ºC until DNA puri-
fication, which was performed with a standard phenol–chloroform
extraction method. The coding and adjacent regions of the MSRA
gene (ENSG00000175806, HGNC:7377) were retrieved using the
GRCh38.p13 genome assembly and tag-SNPs (single-nucleotide
polymorphisms that are representative of a certain haplotype) were
assigned by Haploview 4.2, setting the minor allele frequency
threshold at 10% and the pairwise tagging with a minimum r-
square of 0.80. With these conditions, 14 tag-SNPs were identified
with minor allele frequencies ranging from 0.129 to 0.491 (Table 1
and Supplementary Figure S1).

Genotype analyses were carried out by a MassArray system
(Agena Bioscience) with iPlex Gold technology at the Spanish
Genotyping National Centre (CEGEN-ISCIII, Santiago de
Compostela, Spain).

Statistical analyses

Quantitative variables, e.g. psychometric scores, are shown as
mean ± standard deviation (SD) values and were compared with
the Student’s T/Mann–Whitney or ANOVA/Kruskal–Wallis tests,
depending on the normality of the data and the number of groups
analyzed. Categorical variables were compared by the Chi-square
test and odds ratios (OR) with 95% confidence intervals (CI) were
obtained. The assessment of risk associations with SNPs was per-
formed by logistic regression models adjusted for age using the
SNPassoc package in the R environment (https://cran.r-projec-
t.org/web/packages/SNPassoc/index.html). The same software
was used to detect age-adjusted associations between genotypes
and quantitative variables by linear regression. With the aim of iden-
tifying regions in theMSRA gene locus whose variability might have
relevant consequences, we run association analyses with consecutive
3-SNP haplotypes (sliding-window approach) using PLINK v1.07
(Purcell et al. 2007) with a haplotype frequency cutoff of 0.1.

After testing all inheritance models in the preliminary genetic
analyses, we decided to utilise the dominant model for all the var-
iants considered, because the resulting genotype groups were the
more balanced in terms of size and because resulted in far more
significant associations.

The statistical power calculation was carried out with Quanto
software v. 1.2.4 (University of Southern California) by testing
minor allele frequencies with a type-I error of 0.05. With the avail-
able sample size, the statistical power to detect differences in the
psychometric scores ranged from 0.870 to 0.945, depending on
the minor allele frequencies. P values were adjusted for multiple
testing by the Benjamini–Hochberg False Discovery Rate (FDR)
method, considering 14 markers in the single-marker study and
12 combinations in the haplotype analysis.
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Results

Patients with AN had significantly lower BMI (17.32 ± 2.07 vs.
23.39 ± 2.72), weight (44.97 ± 6.86 vs. 63.11 ± 7.68 kg), and height
(1.61 ± 0.07 vs.1.64 ± 0.06 m) than healthy females.
Mean ± standard deviation global psychometric scores obtained
by the AN patients were EDI-2:89.37 ± 46.48, GSI: 1.56 ± 0.81,
PST: 61.19 ± 21.57, and PSDI: 2.18 ± 0.59.

Patients with the restrictive (p= 159) or binge–purge (p= 74)
anorexia subtypes did not show statistically significant differences in
the scores obtained in the psychometric evaluation (Supplementary
Table S1), and hence, the AN patients were treated as a whole group
in the subsequent analyses.

Associations between single markers with ED-related
psychopathology

Figure 1(A) depicts the impact ofMSRA tag-SNPs on the psycho-
metric evaluation. Two polymorphisms, rs11249969 and rs814422,
which were in relative LD (D’= 0.95, r2= 0.41), had a remarkable
effect on the global score obtained by the AN patients in the
psychopathology measured by the EDI-2 test. Thus, carriers of
the wild-type rs11249969 GG and rs814422 CC genotypes
obtained significantly higher EDI-2 scores than patients with vari-
ant alleles in these two loci. Mean (and standard error values) were
100.57 (4.68) vs. 81.84 (4.14), adjusted p value for multiple testing
(FDR-q)= 0.020 for rs11249969, and 98.69 (4.00) vs. 76.22 (4.77),
FDR-q = 0.040 for rs814422. The wild-type rs814422 CC geno-
type was also found to be related to higher scores in
Ineffectiveness (FDR-q = 0.020) and Interpersonal Distrust
[FDR-q = 0.040, Fig. 1(A)].

Associations between single markers with general
psychopathology

General psychopathological symptoms were assessed by the SCL-
90R inventory. Three consecutive tag-SNPs, namely, rs11249969,

rs814422, and rs69886911 (spanning positions 10074468 to
10121013 in theMSRA gene), were observed to significantly affect
the results after correcting for multiple testing [Fig. 1(B)]. The
first two SNPs had already been shown to affect EDI-2 results.
The effect of the rs814422 SNP was specially marked, as carriers
of the CC genotype scored higher than women with the CC/TT
genotypes in all three general indices and the ten individual
scales (Table 2). The effect of the rs11249969 SNP was also
highly relevant as the wild-type GG genotype increased the
scores of all the items, with statistically significant results in
eight out of the 13 scales (Table 3). Finally, in comparison with
carriers of variant alleles, those patients harbouring the
rs6986911 GG wild-type genotype also scored higher in
Sensitivity [2.02 (0.11) vs. 1.64 (0.08), FDR-q = 0.037] and
Hostility [1.84 (0.14) vs. 1.38 (0.08), FDR-q = 0.018].

Sliding-window analysis

We performed a sliding-window analysis by grouping the variants
into 3-SNP adjacent haplotypes and analyzing their influence on
the psychometric scores. With regard to the psychopathologymea-
sured by the EDI-2 inventory, the results mirrored the results of the
single-marker analysis, as the global score was the parameter show-
ing the strongest associations, with the five first haplotypes display-
ing FDR-q values lower than 0.05 (Fig. 2). Furthermore, in addition
to the associations with Ineffectiveness and Interpersonal distrust
observed in the single-marker study, several more traits, namely,
Drive for thinness, Maturity fears, Asceticism, Bulimia, and
Perfectionism, also showed significant associations with at least
one haplotype (Fig. 2).

Themagnitude of the associations with the SCL-90R results was
far greater than that resulting from the EDI-2 scores. The symptom
that showed the greatest association with the MSRA haplotypes
was Depression, which displayed FDR-q values of 1.03E-04 and
3.60E-06 for haplotypes rs11249969/rs814422/rs6986911 and
rs6986911/rs17746245/rs1484645, respectively. In any case, all
the SCL-90R scales were significantly associated with at least
one but often several haplotypes (Fig. 3).

In general, variability in a proximal region of the MSRA gene
(greyed area) spanning 187.8 Kbp (positions 10061976 to
10249860) was observed to profoundly affect the scores of several
scales of the EDI-2 inventory and virtually all of the scales mea-
sured by the SCL-90R test (greyed area in Figs. 2 and 3).

Non-psychometric analyses

In contrast to the results obtained in the genetic association
analyses with the psychometric scores, there were no significant
results regarding the impact ofMSRA tag-SNPs on anthropometric
parameters, neither in patients nor in controls. Only the rs6601450
GG genotype was found to be associated with higher BMI values
(17.81 ± 0.23 vs. 17.13 ± 0.17 for GT/TT genotypes, p= 0.023) in
the AN group, but the association lost statistical significance after
correcting for multiple comparisons. A summary of the results of
the genetic association analyses with BMI, weight, and height in
both patients and controls is shown in Supplementary Table S2.

Finally, risk analyses adjusted for age showed that none of the
MSRA tag-SNPs or haplotypes analyzed and affected the suscep-
tibility to AN. Odds ratio and p values for all the tag-SNPs studied
are depicted in Supplementary Table S3.

Availability of data and materials: The data that support the
findings of this study are openly available at Figshare, with DOI:
10.6084/m9.figshare.13621901.

Table 1. Tag-SNPs identified in the region encompassing the MSRA gene

SNP Position Alelles MAF HW

rs598523 10061976 G/C 0.209 0.239

rs11249969 10074468 G/A 0.328 1.000

rs814422 10083511 C/T 0.204 0.320

rs6986911 10121013 G/A 0.406 0.060

rs17746245 10124176 G/T 0.468 0.360

rs1484645 10143456 A/G 0.180 0.830

rs4563888 10248151 G/A 0.223 1.000

rs6990888 10249860 A/G 0.356 0.570

rs6997224 10318853 T/C 0.129 0.080

rs11249990 10324634 T/C 0.357 1.000

rs4841326 10347052 C/T 0.320 0.650

rs6601450 10385591 G/T 0.423 0.080

rs11777976 10397892 G/A 0.491 0.240

rs11989640 10398544 G/A 0.348 0.370

HW, Hardy–Weinberg equilibrium; MAF, minor allele frequency; SNP, single-nucleotide
polymorphism.
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Discussion

We have previously reported that variability in several genes of the
central nervous system may contribute to various psychopatho-
logical comorbidities in ED (Gamero-Villarroel et al. 2014;
Gamero-Villarroel et al. 2015; Gervasini and Gamero-Villarroel
2015; Gamero-Villarroel et al. 2017; Gervasini et al. 2018).
These comorbid disorders are very frequent among AN patients
and often constitute an unfavourable prognostic characteristic in
this ED. Therefore, the systematic evaluation of psychopathology
in these patients and the study of the factors behind these symp-
toms, e.g. genetics, are very important for understanding AN
pathogenesis and the implementation of efficient therapies
(Salbach-Andrae et al. 2008).

Our results show that two tag-SNPs in the MSRA gene,
rs11249969 and rs814422, significantly modified the global results
obtained by the AN patients in the EDI-2 inventory, which

measures ED-related psychopathology. There are not many exam-
ples in the literature of studies analyzing the influence of genetics
on psychopathological symptoms in AN. Some reports have
focused on the influence of dopaminergic and serotonergic genes
(Rybakowski et al. 2006; Bachner-Melman et al. 2007; Steiger et al.
2009; Gonzalez et al. 2021), whilst others have looked into hypotha-
lamic genes, such as BDNF, TFAP2B, or KCTD15 (Rybakowski et al.
2007; Gervasini & Gamero-Villarroel 2015; Gamero-Villarroel et al.
2017). One GWAS aimed to discover associations with ED-related
symptoms, behaviours, and traits also found several variants that
showed suggestive evidence for association (Boraska et al. 2012).
To the best of our knowledge, there are no previous studies on the
involvement ofMSRA in ED, let alone studies dealing with associated
psychopathology. There are, however, some examples in the general
population that reveal associations between MSRA and symptoms
that are relevant in ED. For example, several GWAS have identified

Fig. 1. Overview of the effect of MSRA tag-SNPs on the scores obtained by the Anorexia Nervosa patients in (A) the EDI-2 and (B) SCL-90R inventories. Light color represents a
significant association (p < 0.05). Dark color represents a significant association after correction for multiple testing (FDR-q< 0.05). DT, Drive for thinness; B, Bulimia; BD, Body
dissatisfaction; I, Inefficacy; P, Perfectionism; ID, Interpersonal Distrust; IA, Interoceptive awareness; MF, Maturity fears; A, Asceticism; IR, Impulse regulation; SI, Social insecurity;
GSI, Global severity index; PST, Positive symptom; PSDI, Positive symptom distress index; SOM, Somatization; OC, Obsessive–compulsive; ANX, Anxiety; DEPR, Depression; SENS,
Sensitivity; HOST, Hostility; PhANX, Phobic anxiety; PARId, Paranoid ideation; PSYCH, Psychotism; ADD, additional items.
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MSRA variants solidly associatedwith irritability (Day et al. 2016) and
neuroticism (Okbay et al. 2016; Luciano et al. 2018; Chu et al. 2020).
Moreover, a replication study analyzing 16 features in over 140 000
participants also demonstrated significant effects of MSRA variants
on neuroticism and extraversion (Boutwell et al. 2017). The findings
presented herein show that, aside from the impact on the global EDI-2
scores, and after correction for multiple testing, rs814422 was still sig-
nificantly associated with Ineffectiveness, which assesses feelings of
inadequacy, insecurity and worthlessness, and Interpersonal
Distrust. Again, there are no previous data linking MSRA with ED-
related psychological comorbidities, but a number of studies in the
ED setting have reported these two psychological features being
modulated by other genes expressed in the brain (Kamakura et al.
2003; Nisoli et al. 2007; Gonzalez et al. 2021). The effect on
Ineffectiveness in particular has been suggested to account for the

initial stimulus to take up dieting behaviour, which could evolve to
AN should other pathological traits be present (Nisoli et al. 2007).

Themost relevant findings in this work have to do with the gen-
eral psychopathology assessed by the SCL-90R inventory. It is true
that causality has not unequivocally been established yet, but psy-
chiatric comorbidities can be as high as 80% in AN (Hudson et al.
2007; Jaite et al. 2013; Meczekalski et al. 2013), with anxiety and
depression being the most commonly reported disorders (Preti
et al. 2009; Jaite et al. 2013). In our population of AN patients,
rs11249969 and rs814422, which, interestingly enough, were the
same SNPs that modified the EDI-2 results, displayed a profound
effect on the scores obtained by the patients in the SCL-90R ques-
tionnaire. Most remarkably, the rs814422 CC genotype increased
the scores of all the items with statistical significance after cor-
recting for multiple testing. Affected symptoms included, for

Table 2. Influence of rs814422 on EDI-2 and SCL-90R scores obtained by the patients. Mean values ± standard deviation are shown. Significant values after correction
for multiple testing are shown in boldface type

Genotype

CC CT/TT mean diff CI p value FDR-q

EDI-2

Total score 98.69 ± 4.00 76.22 ± 4.77 −23.05 (−35.58− 10.52) 3.9E–04 0.005

DT 12.41 ± 0.53 10.42 ± 0.81 −2.06 (−3.91− 0.22) 0.029 0.412

B 3.05 ± 0.37 2.1 ± 0.39 −0.99 (−2.12 0.15) 0.090 0.421

BD 14.33 ± 0.73 12.35 ± 0.94 −2.16 (−4.48 0.21) 0.076 1.065

I 11.96 ± 0.67 8.57 ± 0.9 −3.59 (−5.76− 1.41) 0.001 0.020

P 6.31 ± 0.36 5.39 ± 0.46 −0.93 (−2.08 0.22) 0.115 0.804

ID 7.66 ± 0.44 5.57 ± 0.49 −2.09 (−3.46− 0.73) 0.003 0.040

IA 10.52 ± 0.65 7.76 ± 0.77 −2.84 (−4.88− 0.81) 0.007 0.094

MF 8.49 ± 0.48 6.95 ± 0.56 −1.51 (−3.03 0.01) 0.052 0.365

A 7.46 ± 0.41 5.81 ± 0.49 −1.66 (−2.97− 0.36) 0.204 1.426

IR 8.34 ± 0.57 6.16 ± 0.64 −2.17 (−3.94− 0.40) 0.017 0.239

SI 8.32 ± 0.49 6.13 ± 0.55 −2.24 (−3.75− 0.73) 0.004 0.057

SCL-90R

GSI 1.74 ± 0.07 1.26 ± 0.08 −0.48 (−0.71− 0.26) 3.0E–05 4.1E–04

PST 64.99 ± 1.71 54.78 ± 2.65 −10.354 (−16.29− 4.39) 0.001 0.011

PSDI 2.31 ± 0.05 1.97 ± 0.06 −0.352 (−0.51− 0.189) 3.0E–05 4.2E–04

SOM 1.61 ± 0.08 1.15 ± 0.09 −0.48 (−0.72− 0.24) 1.3E–04 0.002

OC 1.84 ± 0.08 1.35 ± 0.09 −0.5 (−0.75− 0.26) 7.0E–05 0.001

ANX 1.69 ± 0.08 1.14 ± 0.09 −0.56 (−0.81− 0.32) 1.0E–05 1.4E–04

DEP 2.16 ± 0.09 1.57 ± 0.11 −0.6 (−0.88− 0.33) 3.0E–05 4.2E–04

SENS 1.98 ± 0.08 1.38 ± 0.09 −0.61 (−0.86− 0.36) 3.9E–06 1.0E–04

HOST 1.74 ± 0.09 1.16 ± 0.1 −0.57 (−0.86− 0.28) 1.1E–04 0.002

PhANX 1.09 ± 0.08 0.62 ± 0.08 −0.48 (−0.72− 0.24) 1.4E–04 0.002

PARId 1.62 ± 0.08 1.51 ± 0.1 −0.48 (−0.74− 0.22) 3.8E–04 0.005

PSYCH 1.24 ± 0.07 0.81 ± 0.07 −0.44 (−0.64− 0.23) 4.0E–05 0.001

ADD 1.98 ± 0.08 1.42 ± 0.11 −0.57 (−0.83− 0.30) 3.0E–05 4.4E–04

A, Asceticism; ADD, additional items; ANX, Anxiety; B, Bulimia; BD, Body dissatisfaction; DEPR, Depression; DT, Drive for thinness; GSI, Global severity index; HOST, Hostility; I, Inefficacy; IA,
Interoceptive awareness; ID, Interpersonal Distrust; IR, Impulse regulation; MF, Maturity fears; OC, Obsessive–compulsive; P, Perfectionism; PARId, Paranoid ideation; PhANX, Phobic anxiety;
PSDI, Positive symptom distress index; PST, Positive symptom; PSYCH, Psychotism; SENS, Sensitivity; SI, Social insecurity; SOM, Somatization.
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instance, Depression, a comorbidity with predictive value of AN
outcome (Eskild-Jensen et al. 2020; Kahn et al. 2020); Anxiety,
whose prevalence is markedly higher in AN patients as compared
to control subjects (Swinbourne & Touyz 2007; Lloyd et al. 2020);
or obsessive–compulsive, a disorder with a considerable overlap
with AN that may reflect common psychological, neurobiological,
or genetic factors (Serpell et al. 2002; Yilmaz et al. 2020). Finally,
we should not rule out the possibility that, being rs11249969 and
rs814422 in relative linkage disequilibrium (LD), the observed
associations might in fact reflect the influence of a single major
haplotype.

The sliding-window study confirmed that the results obtained
in the single-marker analysis and showed that the variability of a
proximal region of the gene was able to markedly modify the psy-
chometric scores obtained by the AN patients. Of special interest
were the associations with the symptoms measured by SCL-90R,

particularly with depression, which showed two highly significant
hits withMSRA haplotypes. This finding is in the same line as those
by Chu et al., who recently published a GWAS reporting several
MSRA variants related to depressive symptoms in the general pop-
ulation (Chu et al. 2020). In this regard, the increase of reactive
oxygen species (ROS) in the brain has been solidly connected with
depression (Bhatt et al. 2020). A disruption of MsrA enzyme func-
tion, which is part of the antioxidant defence system in the brain
(Reiterer et al. 2019), might, therefore, contribute, at least in part,
to the disorder. Indeed, this decreased function has been associated
with a variety of psychiatric disorders (Jiang &Moskovitz 2018). It
should be mentioned, though, that the tag-SNPs analyzed in this
study were all intronic, hence with no likely relevant consequences
for enzyme activity. Their value lies on their role as representative
markers of a region in high LD in which relevant mutations must
be located.

Table 3. Influence of rs11249969 on EDI-2 and SCL-90R scores obtained by the patients. Mean values ± standard deviation are shown. Significant values after
correction for multiple testing are shown in boldface type

Genotype

GG GA/AA mean diff CI p value FDR-q

EDI-2

Total score 100.57 ± 4.68 81.84 ± 4.14 −18.72 (−30.92− 6.52) 0.003 0.021

DT 12.59 ± 0.62 10.9 ± 0.65 −1.69 (−3.47 0.09) 0.064 0.452

B 3.25 ± 0.44 2.24 ± 0.35 −1.02 (−2.11 0.07) 0.070 0.482

BD 14.59 ± 0.82 12.77 ± 0.81 −1.82 (−4.08 0.44) 0.120 0.814

I 12.23 ± 0.82 9.44 ± 0.72 −2.8 (−4.91 − 0.68) 0.011 0.071

P 6.25 ± 0.42 5.74 ± 0.38 −0.52 (−1.63 0.60) 0.363 0.847

ID 7.66 ± 0.51 6.25 ± 0.44 −1.42 (−2.74 − 0.09) 0.037 0.174

IA 10.79 ± 0.74 8.44 ± 0.68 −2.35 (−4.32 − 0.38) 0.020 0.143

MF 8.88 ± 0.56 7.12 ± 0.49 −1.75 (−3.21 − 0.30) 0.019 0.265

A 7.65 ± 0.48 6.16 ± 0.43 −1.49 (−2.75 − 0.24) 0.021 2.554

IR 8.13 ± 0.63 7.03 ± 0.61 −1.1 (−2.82 0.62) 0.213 0.995

SI 8.53 ± 0.57 6.65 ± 0.49 −1.89 (−3.35 − 0.42) 0.012 0.086

SCL-90R

GSI 1.76 ± 0.08 1.40 ± 0.07 −0.35 (−0.57 − 0.14) 0.001 0.009

PST 65.08 ± 2.13 58.01 ± 2.04 −7.07 (−12.87− 1.27) 0.018 0.124

PSDI 2.33 ± 0.06 2.06 ± 0.05 −0.27 (−0.43 − 0.11) 8.86E–04 0.006

SOM 1.62 ± 0.09 1.29 ± 0.08 −0.33 (−0.57 − 0.09) 0.006 0.046

OC 1.85 ± 0.09 1.50 ± 0.08 −0.36 (−0.60 − 0.11) 0.004 0.029

ANX 1.67 ± 0.10 1.34 ± 0.08 −0.33 (−0.58 − 0.09) 0.009 0.061

DEP 2.17 ± 0.11 1.74 ± 0.09 −0.42 (−0.7 − 0.16) 0.002 0.015

SENS 2 ± 0.1 1.57 ± 0.08 −0.43 (−0.68 − 0.18) 9.0E–04 0.007

HOST 1.67 ± 0.11 1.40 ± 0.09 −0.27 (−0.55 − 0.01) 0.060 0.282

PhANX 1.17 ± 0.1 0.72 ± 0.07 −0.44 (−0.68 − 0.21) 3.0E–04 0.002

PARId 1.62 ± 0.1 1.31 ± 0.08 −0.3 (−0.56 − 0.05) 0.020 0.094

PSYCH 1.26 ± 0.08 0.94 ± 0.06 −0.31 (−0.51 − 0.11) 0.003 0.020

ADD 1.94 ± 0.09 1.64 ± 0.09 −0.3 (−0.56 − 0.04) 0.025 0.118

A, Asceticism; ADD, additional items; ANX, Anxiety; B, Bulimia; BD, Body dissatisfaction; DEPR, Depression; DT, Drive for thinness; GSI, Global severity index; HOST, Hostility; I, Inefficacy; IA,
Interoceptive awareness; ID, Interpersonal Distrust; IR, Impulse regulation; MF, Maturity fears; OC, Obsessive–compulsive; P, Perfectionism; PARId, Paranoid ideation; PSDI, Positive symptom
distress index; PST, Positive symptom; SENS, Sensitivity; SI, Social insecurity; SOM, Somatization; PhANX, Phobic anxiety; PSYCH, Psychotism.
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Finally, we could not find a significant effect of any of theMSRA
variants or haplotypes on the anthropometric parameters of AN
patients or healthy females. This is in agreement with former stud-
ies (Hotta et al. 2010; Gonzalez et al. 2014; Volckmar et al. 2016)

that could not replicate the alleged MSRA-BMI connection
described in some GWAS (Lindgren et al. 2009; Scherag et al.
2010; Dorajoo et al. 2012). In this regard, Scherag et al. showed that
at least two of these MSRA loci identified as BMI regulators in

Fig. 2. Summary of the sliding-window analysis for the association of 3-SNP MSRA haplotypes with the scores obtained by the Anorexia Nervosa patients on eating disorders-
related psychopathology measured by the EDI-2 inventory. The dotted line represents the 0.05 adjusted q-level of significance. DT, Drive for thinness; B, Bulimia; BD, Body dis-
satisfaction; I, Inefficacy; P, Perfectionism; ID, Interpersonal Distrust; IA, Interoceptive awareness; MF, Maturity fears; A, Asceticism; IR, Impulse regulation; SI, Social insecurity.

Fig. 3. Summary of the sliding-window analysis for the association of 3-SNP MSRA haplotypes with the scores obtained by the Anorexia Nervosa patients on general psycho-
pathology measured by the SCL-90R inventory. The dotted line represents the 0.05 adjusted q-level of significance. GSI, Global severity index; PST, Positive symptom; PSDI,
Positive symptom distress index; SOM, Somatization; OC, Obsessive–compulsive; ANX, Anxiety; DEPR, Depression; SENS, Sensitivity; HOST, Hostility; PhANX, Phobic anxiety;
PARId, Paranoid ideation; PSYCH, Psychotism; ADD, additional items.
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adolescents were in fact located between the MSRA and the
TNKS gene (Scherag et al. 2010). It could, therefore, be that
the association with BMI was more related to TNKS; in this case,
our study, focused onMSRA tag-SNPs, would have been unable
to detect it.

In the samemanner, we could not identify anyMSRA variant or
haplotype associated with the risk for AN. In our former associa-
tion studies carried on in the ED setting, we have persistently
observed how genetic variability in obesity-related central genes
has a negligible-to-weak effect on the risk for the disorder. In con-
trast, we could generally confirm a remarkable impact on the
psychopathology displayed by the patients (Gamero-Villarroel
et al. 2014; Gamero-Villarroel et al. 2015; Gamero-Villarroel et al.
2017). This may suggest that the affected symptoms are likely more
important in terms of the severity or persistence of the ED than in
terms of susceptibility, where environmental or socio-cultural fac-
tors might play a more relevant role (Gervasini & Gamero-
Villarroel 2015).

This study has some limitations. First, the sample size generated
adequate statistical power to detect differences in the psychometric
scores, but the inclusion of more subjects would have been desir-
able in the case–control analysis to unequivocally rule out an
impact on AN risk. Second, the age of the control subjects was sig-
nificantly higher than that of the AN patients. This obviously did
not affect the genetic analyses, but could have partly contributed to
the differences in the anthropological parameters reported for the
two study groups. Finally, the DNA samples of the control subjects
were obtained from an anonymous DNA bank; therefore, psycho-
metric scores were not available for this group. Whilst the main
goal of the study, i.e. the assessment of the association of MSRA
genetic variability with psychopathology in AN, remained unaltered,
having access to these data would have provided with additional,
interesting information on the psychological differences between
AN patients and healthy women.

This study adds up to the growing evidence that points to genet-
ics as a key factor in the onset or maintenance of psychopathology
in ED patients. It is crucial to improve our understanding of these
symptoms in AN, as it will help identify at-risk individuals, adopt
prevention-oriented solutions and individualise therapies focusing
on key elements underlying the ED (Dufresne et al. 2020). In this
work, we have shown, for the first time to the best of our knowl-
edge, that variability in the MSRA gene locus is associated with
changes in the psychometric scores of AN patients. In particular,
psychological symptoms such as depression are specially affected.
A proximal region of the gene seems to be the locus more inti-
mately related to these changes.
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