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Abstract
Introduction: Immunoglobulins (Ig) reactive with α-mela-
nocyte-stimulating hormone (α-MSH), an anorexigenic
neuropeptide, are present in humans and were previously
associated with eating disorders. In this longitudinal study
involving patients with anorexia nervosa (AN), we deter-
mined whether α-MSH in serum is bound to IgG and ana-
lyzed long-term dynamics of both α-MSH peptide and α-
MSH-reactive Ig in relation to changes in BMI and gut mi-
crobiota composition. Methods: The study included 64
adolescents with a restrictive form of AN, whose serum
samples were collected at hospital admission, discharge,
and during a 1-year follow-up visit and 41 healthy controls,

all females. Results: We found that in both study groups,
approximately 40% of serum α-MSH was reversibly bound to
IgG and that levels of α-MSH-reactive IgG but not of α-MSH
peptide in patients with AN were low at hospital admission
but recovered 1 year later. Total IgG levels were also low at
admission. Moreover, BMI-standard deviation score corre-
lated positively with α-MSH IgG in both groups studied but
negatively with α-MSH peptide only in controls. Significant
correlations between the abundance of specific bacterial
taxa in the gut microbiota and α-MSH peptide and IgG levels
were found in both study groups, but they were more
frequent in controls. Conclusion: We conclude that IgG in
the blood plays a role as an α-MSH-binding protein, whose
characteristics are associated with BMI in both patients with
AN and controls. Furthermore, the study suggests that low
production of α-MSH-reactive IgG during the starvation
phase in patients with AN may be related to altered gut
microbiota composition. © 2024 The Author(s).

Published by S. Karger AG, Basel

karger@karger.com
www.karger.com/nen

© 2024 The Author(s).
Published by S. Karger AG, Basel

Correspondence to:
Sergueï O. Fetissov, serguei.fetissov @ univ-rouen.fr

This article is licensed under the Creative Commons Attribution-
NonCommercial 4.0 International License (CCBY-NC) (http://www.
karger.com/Services/OpenAccessLicense).Usage anddistribution for
commercial purposes requires written permission.

D
ow

nloaded from
 http://karger.com

/nen/article-pdf/114/10/907/4287255/000539316.pdf by Sapienza U
niversita di R

om
a user on 31 M

arch 2025

https://www.karger.com/nen
https://doi.org/10.1159/000539316
mailto:karger@karger.com
https://www.karger.com/nen
http://www.karger.com/Services/OpenAccessLicense
http://www.karger.com/Services/OpenAccessLicense


Introduction

Regulation of motivated behavior and emotion in-
volves neuronal and neuroendocrine signaling, where
neuropeptides play an important role as modulators of
neurotransmitter release and target cell activity [1]. With
regard to the regulation of feeding behavior, α-melano-
cyte-stimulating hormone (α-MSH), a 13-amino-acid
neuropeptide is known for its potent anorexigenic effect
via activation of the melanocortin type 4 receptor
(MC4R) [2]. α-MSH’s role in appetite regulation in the
central nervous system was recently reviewed in this
journal [3]. α-MSH is produced from its precursor
proopiomelanocortin (POMC) expressed in the brain
mainly in the hypothalamic arcuate nucleus and regu-
lated by peripheral adiposity and metabolic factors such
as leptin [4]. Hypothalamic POMC expression and α-
MSH production is downregulated in conditions of in-
sufficient food intake and body weight loss as an integral
part of the homeostatic system involved in the long-term
regulation of energy metabolism [5]. POMC is also ex-
pressed in the pituitary, skin, and gut, i.e., peripheral
tissues, which may underlie picomolar concentrations of
α-MSH found in the blood. Contribution of centrally
produced α-MSH to its blood levels is also possible: for
example, psychological stimulus in rats increases α-MSH
in plasma [6]. Moreover, plasma levels of α-MSH are
transiently elevated after a meal, suggesting a role of
systemic α-MSH in the short-term regulation of appetite,
but the source of such an increase was not established [7,
8]. Importantly, expression of the MC4R in peripheral
tissues, for example, in the gut and autonomic nervous
system, supports a role of the systemic α-MSH in the
regulation of both appetite and energy meta-
bolism [9–12].

A typical feature of most if not all peptide hormones is
their binding to plasma proteins in systemic circulation.
Such proteins protect the peptides from degradation by
plasma peptidases but with relatively low binding affinity
do not prevent peptide binding to specific high-affinity
receptors [13]. It also implies that for an accurate mea-
surement, peptides should be extracted from their
binding proteins. For this purpose, commercial peptide
assay kits recommend peptide extraction using the C18
column after plasma acidification, which favors the
dissociation of peptides from binding proteins. Although
the nature of peptide-binding proteins, with rare ex-
ceptions, was not determined, an a priori condition for a
protein to play a role of peptide carrier is the reversibility
of peptide binding [14]. Considering the natural occur-
rence of neuropeptide-reactive immunoglobulins (Ig) in

the plasma of humans and rodents, IgG, as the most
abundant, may serve as a neuropeptide carrier [15, 16].
Indeed, plasmatic IgG was shown to bind with micro-
molar affinity to α-MSH and to modulate its effect on the
MC4R [17]. Nevertheless, a possibility that α-MSH may
circulate in the blood bound to IgG was not directly
verified.

Although α-MSH-reactive Ig is present in healthy
humans, it can also be relevant to the pathophysiology of
eating disorders (ED) characterized by multiple alter-
ations of immunity including humoral responses [18, 19].
As such, plasma levels and properties of α-MSH-reactive
IgG were associated with ED, first by showing their
binding to the POMC neurons in the arcuate nucleus and
then by correlations of their plasma levels with the ED
Inventory scale (EDI-2) [20, 21]. Increased levels of
autoantibodies reactive with hypothalamic tissue was
another finding in patients with anorexia nervosa (AN)
[22]. Moreover, IgG from patients with AN enhanced, but
those from obese subjects decreased α-MSH-mediated
cellular internalization of MC4R, i.e., revealing IgG
modulatory effect on the α-MSH signaling involved in the
regulation of appetite and body weight [17]. It remains
however unknown whether α-MSH-reactive IgG may be
associated with bodymass index (BMI) changes, e.g., after
refeeding and weight restoration in patients with AN.

The antigenic origin of IgG reacting with α-MSH may
reside in microbial proteins displaying molecular mim-
icry to α-MSH produced by gut microbiota. One such
antigen – the caseinolytic protease B (ClpB) – has been
identified in Escherichia coli; as such, immunization of
mice with ClpB stimulated the production of α-MSH-
cross-reactive antibodies [23]. The involvement of gut
microbiota in the regulation of physiology and behavior
relevant to various chronic pathological conditions, in-
cluding neuropsychiatric disorders, is increasingly rec-
ognized [24]. Intriguingly, a link between the melano-
cortin system gene expression and gut microbiota
composition was reported in both humans and mice [25,
26]. Analysis of the gut microbiota composition in AN
was also a topic of several original studies and systematic
and mechanistic reviews [27–30]. While there is a con-
sensus on the presence of dysbiosis in AN, the mecha-
nisms linking gut microbiota composition to the path-
ogenesis of ED remain to be elucidated. As introduced
above, α-MSH-reactive IgG enhancing α-MSH-mediated
anorexigenic signaling may contribute to the patho-
physiology of AN, thereby linking gut microbiota with the
altered regulation of feeding behavior and emotion [31].
Of note, a recent study in patients with AN reported a
negative association between the Shannon diversity index
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and serum levels of α-MSH-reactive IgG [32]. However,
further research is needed to better understand the role of
gut microbiota in the pathophysiology of AN, considering
the absence of efficient pharmacological treatment [33].

In the present study, we aimed to determine whether
α-MSH is bound to IgG in the systemic circulation and
whether the α-MSH peptide and α-MSH-reactive IgG
could be associated with BMI changes in patients with
AN during a longitudinal study including hospital ad-
mission, discharge, and 1-year follow-up visit and
compared to healthy controls (HCs). We also analyzed
correlations between α-MSH-reactive Ig and gut mi-
crobiota composition available from a recent study
performed on the same subjects [34].

Materials and Methods

Study Subjects, Blood Sampling, and Gut Microbiota
Composition
A more detailed description of study subjects is available in a

recent publication [34]. In brief, sixty-four female adolescents
(aged between 12 and 20, mean 16 years) diagnosed with typical or
atypical (1 patient) AN according to the DSM-5 were recruited at
the Department for Child and Adolescent Psychiatry of the
Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen
University Hospital and enrolled between December 2016 and
January 2020. Forty-one age-matched female HCs with normal
body weight (>20th and <80th age-adjusted percentile of BMI-
standard deviation score [SDS]) were enrolled using newspaper
advertisements. Written informed consent was obtained from the
study participants and their legal guardians. The study, which was
conducted under the Declaration of Helsinki, was approved by the
Ethics Committee of the RWTH Aachen University Hospital
(Approval No. EK 148-16). Clinical data included height and body
weight after an overnight fast at admission and discharge, as well as
weight and height before disease onset, weight loss prior to ad-
mission, and illness duration. For all time points, BMI as well as
age- and sex-specific BMI percentiles and BMI-SDS was calculated
based on German reference data from the KiGGS study [35].
Serum samples were collected from patients with AN at hospital
admission (T0), discharge (T1), and during a 1-year follow-up visit
(T2), as well as in HCs in corresponding periods. In this study, T1
and T2 correspond to the T7 and T8 periods, respectively, of the
published study on microbiota composition in these subjects [34].
For this purpose, the fasting blood of the patients and HCs was
collected between 7:00 and 10:00 a.m. Blood samples were
centrifuged and the supernatant was immediately frozen at −80°C.
The fecal samples were collected from both patients with AN and
controls, and 16S rRNA gene sequencing and analyses were
performed as previously described in detail [34].

α-MSH Peptide Assay
α-MSH concentrations were assayed in native serum as well as

in the IgG-bound and IgG-free fractions of the same serum sample.
In all 3 cases, α-MSH enzymatic immunoassay (EIA) kit (# EK-
043-01) was used according to the manufacturer’s instructions

(Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA). In brief,
serum samples were acidified and peptides extracted using a C-18
column and then diluted in the “assay buffer” provided in the kit.
For the detection of IgG-bound and free α-MSH, IgGwas extracted
from serum samples using Protein-A Dynabeads (Thermo Fisher,
Scientific, Waltham, MA, USA), and the effluents were collected
for IgG-free α-MSH fraction assay. Then, IgG was eluted from the
beads using the elution buffer (50 mM glycine pH 2.8) and used for
IgG-bound α-MSH assay. For both IgG-bound and IgG-free α-
MSH EIA, IgG-containing eluates and IgG-free effluents were
acidified and peptides were extracted using C-18 columns as
described above for the native serum. All assays were performed in
duplicates. The schematic illustration of the assay is shown in
online supplementary Figure 1 (for all online suppl. material, see
https://doi.org/10.1159/000539316).

Serum Levels of α-MSH-Reactive IgG and IgM
Plasma levels of α-MSH-reactive IgG and IgM were mea-

sured using enzyme-linked immunosorbent assay (ELISA)
according to a published protocol [36]. Briefly, α-MSH peptide
(Bachem, Bubendorf, Switzerland) was coated onto 96-well
Maxisorp plates (Nunc, Rochester, NY, USA) using 100 µL
and a concentration of 2 µg/mL in 0.5 M NaCO3 and 0.5 M

NaHCO3 buffer, pH 9.6 for 48 h at 4°C. The plates were washed
(3x) in phosphate-buffered saline (PBS) with 0.05% Tween 200,
pH 7.4, and then incubated for 3h at 37°C with 100 μL of human
plasma diluted at 1:400 in PBS, pH 7.4, or with 3 M NaCl, 1.5 M

Glycine, pH 8.9, for the assay of IgG-free or total levels, re-
spectively. The plates were washed (3x) and incubated with
100 μL of alkaline phosphatase-conjugated antibodies in PBS (1:
2,000, Sigma, St. Louis, MO, USA). Following washing (3x),
100 μL of p-nitrophenyl phosphate solution (Sigma, St. Louis,
MO, USA) was added as a substrate. After 30 min of incubation
at room temperature, the reaction was stopped by adding 3N
NaOH. The optical density (OD) was determined at 405 nm
using a microplate reader Infinite F200PRO. Blank OD values
resulting from the reading of plates without the addition of
plasma samples were subtracted from the sample OD values.
Each determination was done in duplicate. The variation be-
tween duplicate values was lower than 5%.

Affinity Kinetics of α-MSH-Reactive IgG
Total IgG was extracted from serum using MelonGel® Pu-

rification Kit (LifeTechnologies, Carlsbad, CA, USA). Briefly,
500 µL of serum (diluted 1:4 vol. in purification buffer) was
incubated in the mini-spin columns containing 500 µL of
MelonGel® purification support for 5 min at room temperature.
To collect purified IgG, columns were centrifuged for 30 s at
5,000 rpm and collected samples were lyophilized (Bioblock
Scientific, Illkirch, France) for 48 h, resuspended in HBS-EP +
buffer (Cytiva, Marlborough, MA, USA). IgG concentrations
were evaluated using NanoDrop 2000C (ThermoFisher Sci-
entific, Waltham, MA, USA). Affinity kinetics of serum-
extracted IgG for α-MSH were analyzed by biospecific inter-
action assay based on surface plasmon resonance phenomenon
on a Biacore T200 instrument (Cytiva), according to a previ-
ously published protocol [37]. α-MSH peptide (Bachem) was
diluted at 0.1 mg/mL in 10 mM sodium acetate buffer, pH 4.5
(Cytiva), and was covalently coupled on the CM5 sensor chip
(Cytiva). A multi-cycle affinity kinetic analysis method was run
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with five serial dilutions of purified IgG: 336, 168, 84, 42, 21 nM
in HBS-EP + buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl,
0.003 mM EDTA, and 0.05% surfactant P20, Cytiva); each cycle
included 120 s of analyte injection and 600 s of dissociation with
a 30 µL/min flow speed at 4°C. Between sample injections, the
binding surface was regenerated with glycine-HCl 10 mM,
pH 2.5, resulting in a return of baseline level of the sensorgram.
Affinity kinetic data were analyzed using T200 Evaluation 4.1.1
program (Cytiva) and fitted with Langmuir’s 1:1 model after
blank values subtraction.

Statistical Analysis
Data were analyzed and graphs were plotted using the

GraphPad Prism 5.02 (GraphPad Software Inc., San Diego, CA,
USA). Normality was analyzed using the Kolmogorov-Smirnov
test. Multiple groups were compared with ANOVA or Kruskal-
Wallis test, according to normality with post-hoc Tukey’s or
Dunn’s tests, respectively. Individual groups were compared by
Student’s t test or Mann-Whitney test, according to the normality.
Correlation analysis was performed using the Spearman’s or
Pearson’s tests, according to normality. The group differences were
considered statistically significant at p ≤ 0.05 and the data are
presented as mean ± SEM, unless specified. For the analysis of
BMI-stratified data, α-MSH outliers exceeding 200 pg/mL were
excluded.

Results

BMI Changes
The group of patients with AN showed a significant

increase in BMI at T1 and T2 compared to T0 but still
lower than BMI-SDS values of HCs (Fig. 1a). The BMI-
SDS of healthy subjects did not differ between the three
time points (Fig. 1b) and their mean values were used as
a reference for further comparison between the HC and
AN groups. To analyze whether characteristics of α-
MSH peptide and autoantibodies are associated with

the efficiency of BMI recovery in patients with AN, they
were divided into 3 subgroups according to BMI-SDS
increase in T2 versus T0: (i) <2.5; (ii) 2.5–4.0; and
(iii) >4.0.

α-MSH Concentrations
Concentrations of α-MSH were assayed in native se-

rum as well as in IgG-free and IgG-bound fractions, in all
cases after peptide extraction from binding proteins
(online suppl. Fig. 1). In the native serum (Fig. 2a), α-
MSH was detected in the picogram per ml range, was
highly variable in both HCs and patients with AN, and
displayed no significant differences among groups
(Fig. 2b). Although the mean α-MSH levels in patients
with AN did not significantly differ between 3 time
points, the paired analysis revealed a decrease from T0 to
T1 and an increase from T1 to T2 (Fig. 2c). After
stratification of patients with AN according to BMI
changes (T0 to T2), increased serum α-MSH concen-
trations at T1 were found in the subgroup with the
highest BMI increase as compared with the subgroup
with the lowest increase (Fig. 2d). Moreover, when es-
timated in relation to body weight, α-MSH concentration
in native serum in patients with AN at T0 was higher
compared to controls (1.3 ± 0.4 vs. 0.55 ± 0.04 pg/kg,
respectively, Mann-Whitney test, p = 0.05).

Mean concentrations of IgG-free α-MSH (Fig. 3a) did
not significantly differ between patients with AN and
controls, or between different time points in patients with
AN (Fig. 3b). Paired analysis did not reveal significant
changes of IgG-free α-MSH in patients with AN (online
suppl. Table 1). Increased levels of IgG-free α-MSH were
found at T1 in the subgroup with a higher BMI increase
(Fig. 3c).

Fig. 1. BMI deviation from standard levels (BMI-SDS) in patients with AN (a) and HCs (b).
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α-MSH was also readably detected at variable con-
centrations in the IgG effluents following IgG extrac-
tion from sera by the protein-A (Fig. 4a), without
significant group differences between patients with AN
and controls (Fig. 4b). The percentage of IgG-bound α-
MSH was also highly variable, with mean levels around
40% in both patients with AN and controls without
group differences (Fig. 4c). Increased levels of IgG-
bound α-MSH were found at T1 in the subgroup with
highest BMI increase (Fig. 4d). Paired analysis did not
reveal significant changes of IgG-bound α-MSH in
patients with AN (online suppl. Table 1). The levels of
total α-MSH, i.e., the sum of the IgG-bound and -free
peptide fractions, did not significantly differ among the
groups and from the corresponding α-MSH concen-
trations measured in native serum (data not shown).
Concentrations of α-MSH in native serum displayed
strong positive correlations with both IgG-free and
IgG-bound α-MSH as well as with total α-MSH, sup-
porting the conclusion that both bound and free
peptide fractions were the parts of α-MSH present in
native serum (online suppl. Table 2).

α-MSH-Reactive IgM and IgG and Affinity Kinetics of
IgG for α-MSH
Mean serum levels of α-MSH-reactive IgM did not

significantly differ between patients and controls and
between different time points in patients with AN
(Fig. 5a). However, the paired analysis showed a sig-
nificant increase in T0 versus T2 and the same trend in
T0 versus T1 (Fig. 5b). Increased levels of α-MSH-re-
active IgM at T2 were associated with patients with AN
with the highest BMI recovery (Fig. 5c).

Serum levels of both α-MSH-reactive free and total
IgG were significantly lower at T0 in patients with AN
compared to controls, as well as to the T2 time point
(Fig. 6a, b). The paired analysis also revealed a signif-
icant increase in T0 versus both T1 and T2 time points
and also in T1 versus T2 (not shown). An increase of α-
MSH-reactive free IgG at T2 was, however, associated
with the lowest BMI changes (Fig. 6c), while an increase
of α-MSH-reactive total IgG was noticed in the group
with a medium increase of BMI (Fig. 6d). Total IgG
concentrations were also measured during IgG extrac-
tion from serum. Patients with AN had strongly reduced

Fig. 2. Concentration of α-MSH in native serum. a Schematic illustration of α-MSH assay with the surrounded
part presented in the figure. b Individual levels (with median) of α-MSH in healthy subjects (Contr) and patients
with AN at 3 time points: T0:hospital admission, T1: at discharge, and T2: at 1-year follow-up visit. c Individual
dynamics of α-MSH in patients with AN. d α-MSH levels according to BMI-SDS increase in T2 from T0 in
patients with AN at 3 time points. Unpaired (d) and paired (c) t tests, *p < 0.05.
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total IgG levels at T0 as compared to both follow-up time
points and to the controls (online suppl. Fig. 2).

Affinity kinetics analysis of serum-extracted IgG re-
vealed lower dissociation equilibrium constant (KD)
values in patients with AN at T0, reflecting an affinity
binding of IgG for α-MSH higher than in controls
(Fig. 7a). Increased association constant values (Ka) in
patients with AN were noticed at T1 (Fig. 7b), while the
dissociation constants (Kd) did not significantly differ
(online suppl. Fig. 2a). An increased association con-
stant at T1 also predicted the best BMI recovery in
patients with AN at T2 (Fig. 7c), while other parameters
of the affinity kinetics were not significantly associated
with BMI changes (online suppl. Fig. 3b, c). α-MSH
concentrations in native serum displayed positive cor-
relations with α-MSH-reactive total IgG, IgM, and the
association rate Ka values in HCs and with α-MSH-reactive
free IgG in patients with AN (online suppl. Table 3).

Correlations of α-MSH and α-MSH-Reactive Ig with
BMI and Disease Duration
Significant negative correlations between BMI-SDS and

α-MSH peptide, as assayed either in native serum or in IgG-
free or IgG-bound fractions, were found in HCs but not in
patients withAN (online suppl. Table 4; Fig. 8a). In contrast,
positive correlations between BMI-SDS and α-MSH-reac-
tive total IgG were found in both HCs and patients with AN
(online suppl. Table 4; Fig. 8a, b) and in patients with AN
BMI-SDS also correlated positively with α-MSH-reactive
free IgG. Disease duration in patients with AN correlated
negatively with α-MSH-reactive free IgG levels and the IgG
association rate values (online suppl. Table 4). An increase
of BMI-SDS in patients with AN in T0 versus T2 also
correlated positively with a corresponding increase of α-
MSH peptide concentrations in native serum (Spearman’s
r = 0.3, p < 0.05) and with an increase of the IgG association
rate values for α-MSH (Spearman’s r = 0.48, p < 0.01).

Fig. 3. Concentration of IgG-free α-MSH. a Schematic illustration of α-MSH assay with the surrounded part
presented in the figure. b Individual levels (with median) of IgG-free α-MSH in healthy subjects (Contr) and
patients with AN at 3 time points: T0: hospital admission, T1: at discharge, and T2: at 1-year follow-up visit.
c α-MSH levels according to BMI-SDS increase in T2 from T0 in patients with AN at 3 time points. Unpaired
t test, **p < 0.01.
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Correlations of α-MSH and α-MSH-Reactive Ig with
Gut Microbiota Composition
Several significant correlations between both α-MSH

peptide and α-MSH-reactive Igwith the abundance of various
bacterial taxa were found in HCs and patients with AN at all
the 3 time points (online suppl. Tables 5–8). By analyzing the
strongest correlations (p< 0.001) for α-MSH-reactive Ig levels
and properties, it appears that only a few such correlations
were present in patients with AN at T0 and T1. At the same
time, they weremore numerous inHCs (Fig. 9). Nevertheless,
a significant association with affinity kinetic parameters was
found in patients with AN but not in controls (Fig. 9).

Discussion

In the present study, we analyzed longitudinal dy-
namics of serum α-MSH peptide and α-MSH-reactive Ig
in a cohort of adolescent patients with AN and age- and
sex-matched controls. The findings substantiate the in-
volvement of α-MSH-reactive Ig in α-MSH signaling,
highlighting their relevance to the anorexigenic effects of

α-MSH in modulating energy balance under both
physiological conditions and within the context of ED.

First of all, as a fundamental contribution to the
neuroendocrinology field, we identified IgG as a physi-
ological carrier protein for α-MSH, accounting for an
average of 40% of serum α-MSH immunoreactivity de-
tected by the commercial EIA kit used in our study.
Indeed, IgG extracted from serum by the protein-A
chromatography retained α-MSH peptide, which was
then detected following IgG elution and separation by
sample acidification. While all the study subjects dis-
played IgG-bound α-MSH, the percentage of such
binding was variable and ranged from 1 to 80% of the
total α-MSH peptide, a phenomenon that may underlie
individual differences in α-MSH signaling. We did not
find significant differences between the levels of the total
α-MSH peptide, i.e., a sum of IgG bound and IgG free/
unbound as compared to the α-MSH levels in native
serum, suggesting that in general, IgG does not prevent
the peptide detection in native serum.We cannot exclude,
however, that some α-MSH is separated from IgG during
the peptide extraction step and the actual physiological

Fig. 4. Concentration of IgG-bound α-MSH. a Schematic illustration of α-MSH assay with the surrounded part
presented in the figure. b Individual levels (with median) of IgG-bound α-MSH in healthy subjects (Contr) and
patients with AN at 3 time points: T0: hospital admission, T1: at discharge, and T2: at 1-year follow-up visit.
c Percentage (with median) of IgG-bound α-MSH. d α-MSH levels according to BMI increase in T2 from T0 in
patients with AN at 3 time points. Unpaired t test, *p < 0.05.
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carrier capacity of IgG is higher than one measured after
IgG elution (i.e., it could be higher than the average of
40%). The role of IgG as an α-MSH carrier protein
implies that IgG levels and binding capacities should be
relevant to α-MSH signaling.

By measuring α-MSH peptide in the native serum as
well as in the IgG-bound and -free fractions, we found
that in such preparations its concentration was highly
variable in both patients with AN and HCs. Although
most of the peptide was detected between 10 and 40 pg/
mL, some subjects displayed lower or higher levels, with 1
AN patient reaching 800 pg/mL at T0. Such a high
variability does not support the utility of α-MSH as a
reliable biomarker of energy metabolism status, and we
did not find significant differences in its mean level be-
tween the groups of patients with AN and controls. This
finding may nevertheless be of pathophysiological sig-
nificance, since starvation and body weight loss should

downregulate POMC expression, with a corresponding
decrease in α-MSH production.

Thus, although serum α-MSH levels appear to be
highly individual, its decrease should be expected in acute
AN, unless the homeostatic mechanism regulating energy
balance is altered. Several earlier studies have analyzed
circulating α-MSH levels in patients with AN. Two
studies reported lower α-MSH levels in patients with AN
versus controls [7, 32], another two found no differences
[38, 39], and one indicated an increase by measuring
POMC levels [22]. By analyzing longitudinal α-MSH
dynamics in AN adolescents, we found that serum α-
MSH levels change with time in the same patient, and that
there was a decrease of α-MSH levels from hospital
admission to discharge, but an increase after 1 year. Such
changes may reflect both homeostatic and pathophysi-
ological mechanisms affecting α-MSH production and
signaling. We suggest that a decrease of α-MSH at T1 can

Fig. 5. a Individual serum levels (with
median) of α-MSH-reactive IgM in healthy
subjects (Contr) and patients with AN at
3 time points: T0: hospital admission, T1: at
discharge, and T2: at 1-year follow-up visit.
b Individual dynamics of α-MSH-reactive
IgM in patients with AN. c α-MSH-reactive
IgM levels according to BMI-SDS increase
in T2 from T0 in patients with AN at 3 time
points. Paired (b) and unpaired (c) t tests,
**p < 0.01, unless specified.
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be related to the treatment effect to reduce individually
elevated levels of the peptide at T0, while an increase at T2
may reflect mainly the homeostatic process associated
with BMI recovery, which is already visible in those
patients at T1 who displayed higher levels of α-MSH
compared to those patients who will relapse. Increased
POMC levels in the cerebrospinal fluid were also asso-
ciated with long-term body weight gain in patients with
AN [40]. Thus, by showing individual dynamics of α-
MSH peptide associated with the disease duration and
BMI changes, the present results do not contradict the
previous data in patients with AN.

Of particular interest is the finding of significant
negative correlations between α-MSH and BMI-SDS in
HCs. Since this small variation of BMI reflects physio-
logical deviations from the mean BMI values in healthy
female adolescents, it suggests that higher levels of α-
MSH in the circulation of healthy subjects may promote
lower BMI, i.e., further supports that peripheral α-MSH

exerts a physiological anorexigenic effect. These results
corroborate a previous study that showed a negative
correlation of serum α-MSH with BMI-SDS in children
who successfully lost weight after a lifestyle intervention
against obesity [8]. Thus, although the functional im-
plication of peripheral α-MSH in regulating appetite and
body weight is still debated, our study supports such a
role. Furthermore, a decrease of α-MSH from T0 to T1
revealed by the paired analysis in patients with AN points
to the possible relevance of such elevation in anorexigenic
signaling in acute AN.

A previous study established that plasmatic IgG
modulates α-MSH signaling on MC4R, resulting in dif-
ferent rates of receptor internalization, which was re-
duced by IgG from obese individuals, but increased by
IgG from patients with AN [17]. The present study ex-
tends these data by revealing a carrier role of IgG for α-
MSH. Furthermore, significant positive correlations be-
tween α-MSH-reactive total IgG levels and BMI-SDS

Fig. 6. Individual serum levels (with me-
dian) of α-MSH-reactive free (a) and total
(b) IgG in healthy subjects (Contr) and
patients with AN at 3 time points: T0:
hospital admission, T1: at discharge, and
T2: at 1-year follow-up visit. α-MSH-re-
active free IgG (c) and total IgG (d) levels
according to BMI increase in T2 from T0 in
patients with AN at 3 time points.
a, b Kruskal-Wallis tests, p < 0.0001;
Dunn’s post-tests, *p < 0.05, **p < 0.01, and
***p < 0.001. c, dUnpaired t tests, *p < 0.05,
**p < 0.01.
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were found in both HCs and patients with AN, sup-
porting a physiological role of such IgG in reducing α-
MSH-mediated anorexigenic effects. It is important to

emphasize that in HCs only α-MSH-reactive IgG, mea-
sured as a total fraction by using a dissociative buffer,
displays such correlations, suggesting that an increase of

Fig. 7. Individual values (with median) of
the dissociation equilibrium constant re-
flecting affinity (a) and the association rate
(b) of serum IgG for α-MSH in healthy
subjects (Contr) and patients with AN at
3 time points: T0: hospital admission, T1: at
discharge, and T2: at 1-year follow-up visit.
cAssociation rates of serum IgG for α-MSH
according to BMI increase in T2 from T0 in
patients with AN at 3 time points.
a Kruskal-Wallis tests, p < 0.001; Dunn’s
post-test, **p < 0.01; Kruskal-Wallis test,
p < 0.05; *Mann-Whitney test, p < 0.05.
c Unpaired t tests, **p < 0.01.

Fig. 8. Correlations between BMI-SDS and
serum levels of total α-MSH peptide and α-
MSH-reactive total IgG in healthy subjects
(a) and patients with AN all 3 time points
combined (b). Spearman’s correlations for
the levels of total α-MSH peptide, r = −0.31,
p = 0.003 in controls and r = 0.04, p = 0.6 in
patients with AN; for the levels of α-MSH-
reactive total IgG, r = 0.25, p = 0.01 in
controls and r = 0.028, p = 0.0007 in patients
with AN.
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binding properties of IgG should be favorable for re-
ducing anorexigenic effects of α-MSH.

One of the main findings of our study was low levels of
α-MSH-reactive IgG in patients with AN at admission.
Low total serum IgG concentrations found in patients at
this time point are most likely the main cause of such
decrease. However, a deficient stimulation of the immune
system by α-MSH-like antigens may also be a contrib-
uting factor, since the levels of α-MSH-reactive IgG were
still lower at hospital discharge than at 1-year follow-up
visit, while no such differences were observed for the total
IgG concentrations. Low level of total IgG in patients at
admission is puzzling and cannot be fully explained by
malnutrition. One possibility is a missing IgG triggering
role of specific bacterial taxa in gut microbiota. Indeed,
some studies using germ-free mice revealed such a role,
e.g., for E. coli [41, 42].

A decrease in the IgG-producing subset of B cells,
associated with body weight loss, was previously reported
in adolescent patients with AN, likely reflecting the same
phenomenon of low IgG production found in our study
[43]. Since no expected decrease of serum α-MSH levels
was observed at T0 in patients with AN, we may speculate
that a deficit in α-MSH-reactive IgG levels might be

causative. This, in turn, might be further influenced by
insufficient stimulation by gut microbiota-derived bac-
terial antigens homologous to α-MSH, as discussed be-
low. Of interest, decreased levels of α-MSH-reactive IgA,
but not IgG, in patients with AN were reported by
Roubalova and colleagues [32]. The follow-up analysis in
patients with AN showed an increase of α-MSH-reactive
IgG levels at both T1 and T2, which was associated
generally with BMI-SDS improvement. However, by
stratifying by BMI changes, we found that an increase of
the total IgG, but not free IgG, was associated with a better
BMI outcome. An earlier study also showed that higher
levels of free α-MSH-reactive IgG were associated with
elevated EDI-2 scores [21].

The analysis of affinity kinetics of IgG surprisingly
revealed that the affinity for α-MSH in patients with AN
at T0 was higher than in HCs, while this difference was
not then found at the T1 and T2 time points. While the
functional significance of this finding is presently unclear,
it witnesses an altered α-MSH-like antigenic stimulation
in the acute stage of AN, probably linked with the low
serum levels of α-MSH-reactive IgG. It is possible that
such an increase of affinity, which is in reality an avidity
of multiple IgG, can be related to the impoverishment of

Fig. 9. Correlations (Spearman’s r, p < 0.01** and p < 0.001***) between α-MSH-reactive Ig and specific taxa of
fecal microbiota composition in patients with AN and controls. Positive correlations are highlighted in red and
negative in blue.
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multiple antigens favoring single antigenic stimulation,
which can be the α-MSH peptide itself. On the one hand,
from the functional point of view, we can speculate that
an increase of IgG affinity for α-MSH by cross-reactivity
with ClpB may neutralize satietogenic effects of this
protein, representing a higher risk of developing a mixed
type of AN with binge eating/purging episodes [31]. On
the other hand, an increase of the α-MSH IgG association
rate at T1 and T2 was connected with a better BMI re-
covery, confirming the data of positive correlations be-
tween BMI-SDS and α-MSH-reactive total IgG levels.

In the present study, we also tested our hypothesis that
levels and properties of α-MSH-reactive IgG may be
linked to gut microbiota composition. This hypothesis is
mainly based on the earlier identification of the en-
terobacterial ClpB protein as an antigen mimetic of α-
MSH [23]. Other studies suggested that dysregulated
immune responses in patients with AN can be induced by
intestinal antigens [44]. The Enterobacteriaceae family is
a common constituent of healthy gut microbiota, which
includes generally commensal species that may become
pathogenic in various contexts, such as overgrowth.
However, this family is typically a minority in the healthy
gut and other microorganisms may influence the pro-
duction of Ig cross-reacting with α-MSH. Indeed, in this
study, we found that levels of α-MSH-reactive IgG cor-
relate with the abundance of several bacterial species.
Such correlations should however be interpreted with
caution because they do not signify causality. Further
analysis involving proteomics is needed to identify and
validate the bacterial proteins as potential antigen mi-
metics of α-MSH. Moreover, while positive correlations
suggest a direct antigenic effect of bacteria, the inter-
pretation of negative correlations is problematic, if not
random, and could also reflect antagonistic relations
between bacterial species. Below we focus on the most
significant positive correlations with gut microbiota as
shown in Figure 9.

As the first expected bacterial target, we found positive
correlations between α-MSH-reactive IgM and the
Escherichia-Shigella group, which were present in HCs
and also appeared at T1 in patients with AN. The absence
of a correlation at T0 is most likely related to the lower
abundance of Enterobacteriaceae detected in patients
with AN for this time period [45]. However, an increase
in the abundance of this bacterial family between dis-
charge and 1-year follow-up was associated with insuf-
ficient weight recovery [34]. Other cross-sectional studies
showed either an increase or no significant difference in
Enterobacteriaceae abundance in AN [28, 32, 46]. α-
MSH-reactive IgM at T2 also positively correlated with

Paraprevotella. An increase of α-MSH-reactive IgM from
T0 to T2 was associated with BMI improvement and may
lay the ground for the class switch of IgM to IgG un-
derlying the recovery of α-MSH-reactive IgG at T2. An
earlier study also showed that higher levels of α-MSH-
reactive IgM were associated with a better psychological
profile as reflected by lower EDI scores [21]. Other sig-
nificant changes in the microbiota composition of pa-
tients with AN found at admission in our study included
an increased abundance of Lachnospiraceae and a de-
crease in Romboutsia [45]. Here, we found that both taxa
correlated with α-MSH biomarkers; however, since both
positive and negative correlations were found, it is
presently difficult to functionally interpret this finding.
Significant positive correlations of α-MSH-reactive IgG
with Blautia were found in controls, and interestingly,
this genus was previously reported to be reduced in
patients with AN [30, 47]. Roseburia is also a typically
reduced taxa in AN found by other investigators [30, 46,
48]. Weak correlations of Roseburia with levels of both α-
MSH peptide and IgG were found in patients with AN.
Thus, the present study suggests that besides the species
belonging to Enterobacteriaceae, there are other bacterial
taxa associated with levels and affinities of α-MSH-re-
active IgG and of α-MSH peptide concentration. Nev-
ertheless, although significant, relatively weak correla-
tions with gut microbiota composition may also be
random findings and should be taken with caution.

In conclusion, this study identified IgG as a physio-
logical α-MSH carrier protein and demonstrated the
dynamics of the α-MSH peptide and α-MSH-reactive Ig
in adolescents with AN, revealing their associations with
BMI changes and with gut microbiota composition. In
particular, the finding of low levels of α-MSH-reactive
IgG, but not α-MSH peptide, found in starving patients
with AN, may signify altered homeostatic regulation of
energy metabolism with an insufficient immune control
of α-MSH signaling, i.e., favoring its anorexigenic effect.
Moreover, increased levels of α-MSH-reactive total IgG
were associated with better BMI recovery in patients with
AN and with higher BMI-SDS in both patients with AN
and healthy adolescents. In contrast, increased levels of α-
MSH-reactive free IgG were mainly associated with the
AN phenotype. To highlight the potential clinical rele-
vance of our results, we speculate that stimulation of α-
MSH cross-reactive IgG production, which should in-
crease the pool of its total fraction, may appear as an
etiological therapeutic strategy in AN. Such a strategy,
which is greatly promoted by refeeding, may additionally
include supplementation of commensal and probiotic
bacteria able to induce the physiological immune
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response and contribute to the normalization of α-MSH
signaling. For this purpose, identifying and validating
specific probiotic strains is warranted in both preclinical
and clinical studies.
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