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bstract Objective: Peptide hormones synthesized in gastrointestinal and adipose tissues in addition to
neuropeptides regulate appetite and body weight. Previously, autoantibodies directed against mela-
nocortin peptides were found in patients with eating disorders; however, it remains unknown
whether autoantibodies directed against other appetite-regulating peptides are present in human sera
and whether their levels are influenced by gut-related antigens.
Methods: Healthy women were studied for the presence of immunoglobulin (Ig) G and IgA
autoantibodies directed against 14 key appetite-regulating peptides. The concept of molecular
mimicry was applied to search in silico whether bacteria, viruses, or fungi contain proteins with
amino acid sequences identical to appetite-regulating peptides. In addition, autoantibodies serum
levels were studied in germ-free and specific pathogen-free rats.
Results: We found these IgG and IgA autoantibodies directed against leptin, ghrelin, peptide YY,
neuropeptide Y, and other appetite-regulating peptides are present in human sera at levels of 100 –900
ng/mL. Numerous cases of sequence homology with these peptides were identified among commensal
and pathogenic micro-organisms including Lactobacilli, bacteroides, Helicobacter pylori, Escherichia
coli, and Candida species. Decreased levels of IgA autoantibodies directed against several appetite-
regulating peptides and increased levels of antighrelin IgG were found in germ-free rats compared with
specific pathogen-free rats.
Conclusion: Healthy humans and rats display autoantibodies directed against appetite-regulating
peptide hormones and neuropeptides, suggesting that these autoantibodies may have physiologic
implications in hunger and satiety pathways. Gut-related antigens including the intestinal microflora
may influence production of theses autoantibodies, suggesting a new link between the gut and
appetite control. © 2008 Elsevier Inc. All rights reserved.
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ntroduction

Peripheral and central regulatory peptides play important
oles in mechanisms of appetite and body weight control.
or instance, gastrointestinal or adipose tissue– derived pep-

ide hormones such as ghrelin, insulin, peptide tyrosine-
yrosine (PYY), and leptin signal to the brain the state of
unger or satiety or energy storage [1– 6]. In the brain, these

eptides interact with neuronal circuitries expressing orexi-
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enic neuropeptides such as neuropeptide Y (NPY), agouti-
elated protein (AgRP), galanin, melanin-concentrating hor-
one (MCH), and orexin or anorexigenic neuropeptides

uch as �-melanocyte–stimulating hormone (�-MSH),
orticotropin-releasing hormone (CRH), oxytocin, and va-
opressin [7–12]. In addition to appetite regulation, orexi-
enic and anorexigenic neuropeptides are involved in mech-
nisms related to stress, sleep/wakefulness, and reproductive,
efensive/aggressive, and social behaviors, thereby integrat-
ng appetite, emotions, and other homeostatic functions
13–15]. Moreover, there is evidence that neuropeptides
nown for their central sites of action, such as NPY, also
ontribute to the mechanisms of energy homeostasis via
eripheral effects [16].

Recently, autoantibodies (autoAbs) directed against two
elanocortin (MC) peptides, �-MSH and adrenocortico-

ropic hormone (ACTH), have been detected in subjects
ith eating disorders, suggesting that the immune system
ay interfere with peptidergic systems involved in appetite

nd emotional control [17]. In fact, levels of �-MSH auto-
bs correlated with the core psychopathologic traits in
atients with eating disorders [18]. Moreover, a recent study
mplicated T cells in the cholecystokinin-mediated control
f food intake [19]. Other studies have revealed the exis-
ence of autoAbs directed against several other regulatory
eptides including vasoactive intestinal peptide, bradykinin,
nd hypocretin [20–22]. In addition, since the initial reports
f insulin autoAbs before insulin treatment [23,24], abun-
ant data on autoAbs directed against insulin in diabetes
ave been accumulated [25]. These studies have reported
hat autoAbs directed against regulatory peptides can be
lso present in apparently healthy subjects, a finding that
ight signify physiologic roles of these autoAbs, such as
odulation of the binding of regulatory peptides to their

eceptors [18] or post-transcriptional modification [20].
owever, because self-reacting Abs are normally associated
ith autoimmune diseases [26], the presence of autoAbs
irected against regulatory peptides in healthy subjects re-
ains largely unexplored.
It is also unknown if autoAbs exist against appetite-

egulating peptide hormones including ghrelin, PYY, or leptin
r neuropeptides including NPY, AgRP, galanin, and CRH.
hus, in the present work, we investigated the presence in
hysiologic conditions of autoAbs directed against these pep-
ides and studied gut-related factors that might influence pro-
uction of these autoAbs. First, we examined healthy subjects
or the presence of immunoglobulin (Ig) G and IgA autoAbs
ble to bind any of 14 regulatory peptides chosen for their key
oles in mechanisms of appetite and body weight. The presence
f the IgA class of autoAbs may point to a luminal, most
ommonly intestinal origin of the antigenic stimulation, includ-
ng food-derived antigens and gut microflora [27].

In fact, the gut-associated lymphoid tissue is one of the
ain sources of IgA, produced by the class switch from IgM

timulated by cytokines such as transforming growth

actor-� [28]. The IgA is the predominant immunoglobulin w
lass in mucosal secretions and plays an important role by
inding bacterial and viral antigens. In serum IgA accounts
or 6–15% of total immunoglobulins. Although the sys-
emic role of IgA has not been fully clarified, human pe-
ipheral blood neutrophils express Fc� immunoglobulin re-
eptors that may trigger IgA-mediated functional responses
ncluding phagocytosis or release of interleukin-6 and tumor
ecrosis factor-� cytokines [29,30]. In this study, we fo-
used on the possible role of intestinal microflora in relation
o neuropeptide autoAb response. However, the role of
utrients, as direct sources of antigens or as prebiotics, may
lso be important in this process. For instance, serum IgA
ntigliadin antibodies induced by a wheat protein comprise
well-established marker of celiac disease, but this anti-

ody can also bind to neurons [31]. In contrast, IgG is the
redominant class of immunoglobulins found in serum and
t is the main molecule of adaptive immunity by activating
omplement and phagocytosis pathways. The presence of
gG reflects previous exposure to antigens.

The microflora of the gastrointestinal system is a major
ntigenic source with approximately 1014 micro-organisms
32]. Based on the concept of molecular mimicry [33], such
ntestinal antigens could potentially trigger the production
f autoAbs cross-reacting with regulatory peptides. Hence,
he second goal of this study was to determine the presence
f amino acid (aa) sequence homologies between appetite-
egulating peptides and microbial proteins of bacterial, vi-
al, or fungal origin. To verify the relevance of intestinal
icroflora to the presence of these autoAbs, their serum levels
ere measured in germ-free and specific pathogen-free rats.

aterials and methods

tudy subjects

Healthy female volunteers (n � 15, mean � SD 30 � 5 y
f age, body mass index 21.5 � 1 kg/m2) served as study
ubjects. They were recruited by the Department of Nutri-
ion at Rouen University Hospital, France, and gave in-
ormed consent for involvement in the study approved by
he Rouen University Hospital ethical committee. Routine
enous blood samples were taken; serum was immediately
eparated by centrifugation and frozen at �20°C.

etection of autoantibodies against
ppetite-regulating peptides

Serum levels of IgG or IgA autoAbs reacting with 14
egulatory peptides, including human leptin (amino acids
2–56), insulin (Sigma, St. Louis, MO, USA), PYY (amino
cids 29–64), ghrelin (amino acids 24–51), NPY, AgRP
amino acids 83–132; Phoenix Pharmaceutical Inc., Bel-
ont, CA, USA), galanin (amino acids 33–62), orexin A,
CH, �-MSH, ACTH, CRH, oxytocin, and vasopressin,

ere measured using an enzyme-linked immunosorbent as-
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ay (ELISA) technique. The peptides (all purchased from
achem AG, Bubendorf, Switzerland, unless specified)
ere coated on Maxisorp plates (Nunc, Rochester, NY,
SA) using 100 �L and a concentration of 2 �g/mL in 100
M NaHCO3 buffer, pH 9.6, for 24 h at 4°C. Plates were
ashed (5 min � 3) in phosphate buffered saline (PBS)
ith 0.05% Tween 200, pH 7.4, and then incubated over-
ight at 4°C with 100 �L of serum from subjects diluted
:100 in PBS. The plates were washed (�3) and incubated
ith 100 �L of alkaline phosphatase-conjugated rabbit anti-
uman IgG or IgA (1:2000; Sigma) for 3 h at room tem-
erature. After washing (�3), 100 �L of p-nitrophenyl
hosphate solution (Sigma) was added as an alkaline
hosphatase substrate. After 40 min of incubation at room
emperature, the reaction was stopped by adding 3 N NaOH.
he optical density (OD) was determined at 405 nm using a
icroplate reader. Blank OD values resulting from the read-

ng of plates without addition of human sera were subtracted
rom the sample OD values. The optimal dilutions of human
era (1:100) were determined by dilution curves (1:50,
:100, 1:200). Each determination was done in duplicate.
he coefficient of variation between duplicate values was
5%. To estimate the concentrations of measured autoAbs,

tandard linear curves (R2 � 0.99) were obtained by sand-
ich ELISA on serial dilutions of total human IgG and IgA

Sigma) with known concentrations.
Briefly, ELISA plates were coated overnight with 100

L of anti-human immunoglobulin polyvalent (Caltag Lab-
ratories, Burlingame, CA, USA; 1:1000 in coating buffer).
lates were washed in PBS, incubated with 100 �L of 3%
ovine serum albumin, washed again, and incubated over-
ight at 4°C with 24 serial dilutions (each 1:2) of IgG or IgA
tandards starting from 1 �g/mL. Plates were washed (�3)
nd incubated with 100 �L of alkaline phosphatase-
onjugated rabbit anti-human IgG or IgA (1:2000; Sigma)
or 3 h at room temperature. After washing (�3), the chro-
ogenic reaction and OD reading was performed as de-

cribed above. This ELISA test showed detection limits of
.2 ng/mL for IgG and 1.0 ng/mL for IgA.

The specificity of IgA and IgG binding to each regula-
ory peptide was determined by ELISA after preadsorption
f sera with decreasing concentrations of the corresponding
ynthetic peptide. In addition to whole serum (1:100 in
BS), sera from several subjects were purified from IgG
sing protein G agarose (Sigma, P7700) and from IgM
sing dialysis against distilled water via a membrane
MWCO 6-8000, Spectrum Laboratory, Inc. Interchim,
rance). The remaining serum (diluted 1:20 in PBS) con-

aining IgA, but not IgG or IgM, was incubated overnight in
ecreasing concentrations of each peptide (0.2, 0.04, and
.02 �g/�L) in a volume of 300 �L. Controls consisted of
vernight incubation of the IgA-containing sera in PBS
nly. The ELISA was performed as described above with
eptide coating (0.2 �g/mL). As an additional specificity
ontrol, the purified IgG fraction was tested on ELISA for

he presence of IgA autoAbs. c
olecular mimicry with appetite-regulating peptides

To test the concept of molecular mimicry (for details, see
ISCUSSION) in relation to the origin of autoAbs reacting with
ll 14 regulatory peptides, the aa sequence of these peptides
as “blasted” in the protein databases of bacteria, viruses,

ungi, or archaea at the National Center for Biotechnology
nformation (NCBI; Bethesda, MD, USA; www.ncbi.
lm.nih.gov). The identical (at least five aa consecutive
equences) were recorded and aligned with the sequence of
he corresponding regulatory peptide (displaying the name
f the source micro-organism). In some cases longer se-
uences of six or more identical amino acids were also
ncluded, even if the alignment was interrupted by one or
wo non-matching amino acids.

utoantibodies against appetite-regulating
eptides in rats

Germ-free and specific pathogen-free (SPF) 12-wk-old
ale Sprague-Dawley rats (n � 6/group) were purchased from
harles River Laboratories (L’Arbresle, France). The germ-

ree status of the rats was routinely verified before delivery by
nalyzing feces for aerobic and anaerobic bacteria and yeast
rowth. Upon arrival (germ-free rats in sterile boxes), all rats
ere immediately anesthetized by sodium thiopental (1 mL/
g, intraperitoneally) and 4-mL blood samples were taken
rom the right atrium. Body weight (mean � SD) did not differ
ignificantly between groups of germ-free and SPF rats (402.8

43.3 versus 401.2 � 3.5 g, respectively), and all animals
ere of good physical appearance. Serum was separated by

entrifugation and the detection of autoAbs directed against
ppetite-regulating peptides was performed by ELISA as de-
cribed above, with the exception of serum dilution (1:25) and
he use of anti-rat IgG or anti-rat IgA goat antibodies conju-
ated with alkaline phosphatase at 1:500 (Rockland, Gilberts-
ille, PA, USA). Data were analyzed in the GraphPad inStat
rogram (GraphPad Software Inc., San Diego, CA, USA)
sing Student’s t test or Mann-Whitney test according to the
ormality test.

esults

etection of autoantibodies against appetite-regulating
eptides in human subjects

Clearly detectable IgG and IgA autoAbs serum levels
ith signal intensity exceeding �4� background of the
etection system (range 4–20�) reacting with leptin, insu-
in, PYY, ghrelin, NPY, AgRP, galanin, orexin A, MCH,
-MSH, ACTH, CRH, oxytocin, or vasopressin were found

n all subjects. Signal intensity (OD 0.4–2.0) was in the
inear range and was transformed into concentrations ac-

ording the standard curve formula. Considering sample

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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ilutions (1:100), plasma concentrations of these autoAbs
ere found to be in the range of 100–900 ng/mL (Fig. 1).
The specificity tests showed that preadsorption of the

gA-containing sera after extraction of IgG and IgM or of
hole serum with increasing concentrations of each appetite-

egulating synthetic peptide was able to dose-dependently
odify the IgA levels (Fig. 2). Similar results were obtained

n IgG preadsorption tests. In a majority of cases, increasing
oncentrations of preadsorbing peptide were associated with
educed IgA and IgG autoAb binding, but several reverse
esponses such as with insulin were also observed. Such a
everse response was seen previously in immunohistochem-
cal studies [17] and is most likely related to the kinetics of
nteractions of preadsorbing peptide with the same peptide-
ontaining immune complexes. In fact, insulin-containing
mmune complexes have been found in human subjects
34]. ELISA for IgA detection using the IgG fraction puri-
ed from the same serum did not result in any detectable
ignal.

olecular mimicry with regulatory peptides

The NCBI database search for exact matches between aa
equences of appetite-regulating peptides and proteins from
arious micro-organisms showed that matches of at least
ve aa fragments within each of the 14 peptides exist among
roteins from bacteria, viruses, fungi, and archaea (Fig. 3
nd supplementary Fig. 1). For instance, within the �-MSH
equence (Fig. 3) six five-aa fragments and three six-aa

ig. 1. Serum concentration (mean � SE) of IgG and IgA autoantibodies
irected against appetite-regulating peptides in healthy women (n � 15).
-MSH, �-melanocyte–stimulating hormone; ACTH, adrenocorticotropic
ormone; AgRP, agouti-related protein; CRH, corticotropin-releasing hor-
one; Ig, immunoglobulin; MCH, melanin-concentrating hormone; NPY,

europeptide Y; PYY, peptide tyrosine-tyrosine.
ragments were identical to protein fragments of bacterial e
rigin, four five-aa fragments to protein fragments from
iruses, four five-aa fragments and two six-aa fragments to
rotein fragments from fungi, and six five-aa fragments and
ne six-aa fragment to protein fragments from archaea. In
ddition, many regulatory peptides exhibited alignments of
ore than six consecutive amino acids, such as leptin,

nsulin, PYY, ghrelin, NPY, AgRP, galanin, orexin, ACTH,
nd CRH.

To facilitate the analysis of these data (summarized in
ables 1–4), the micro-organisms displaying sequence ho-
ology with regulatory peptides were grouped into com-
ensal, intestinal pathogens, other pathogens, or pathogenic

nd environmental. Although some micro-organisms could
lay commensal and pathogenic roles, for simplicity they
re presented only in one of these groups.

ig. 2. Specificity control test (representative human serum) for IgA au-
oantibodies to bind appetite-regulating peptides. IgA-containing serum
after extraction of IgG and IgM) was preadsorbed with decreasing con-
entrations (0.2, 0.04, and 0.02 �g/�L) of corresponding synthetic pep-
ides: (A) leptin, (B) insulin, (C) PYY, (D) ghrelin, (E) NPY, (F) AgRP,
G) galanin, (H) orexin A, (I) MCH, (J) �-MSH, (K) ACTH, (L) CRH,
M) oxytocin, and (N) vasopressin or no peptide was added (red dot). (O)
ffect of preadsorption of an IgG-containing human serum with decreasing
oncentrations of NPY on binding to enzyme-linked immunosorbent assay
lates coated with NPY. �-MSH, �-melanocyte–stimulating hormone;
CTH, adrenocorticotropic hormone; AgRP, agouti-related protein; CRH,

orticotropin-releasing hormone; Ig, immunoglobulin; MCH, melanin-
oncentrating hormone; NPY, neuropeptide Y; OD, optical density in

nzyme-linked immunosorbent assay; PYY, peptide tyrosine-tyrosine.
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utoantibodies against appetite-regulating
eptides in rats

For many of the regulatory peptides studied, the levels of
orresponding IgG autoAbs in germ-free and SPF rats dis-
layed comparatively low OD values (2–3� of background
D; Fig. 4). However, the levels of IgG autoAbs directed

gainst ghrelin in germ-free rats and against ACTH in
erm-free and SPF rats were found in a range of around
0� background OD (Fig. 4). The levels of ghrelin IgG
utoAbs in germ-free rats were significantly higher than in
PF rats (t test, P � 0.05).

The levels of IgA autoAbs directed against all studied
egulatory peptides in germ-free and SPF rats were at the

ig. 3. Amino acid sequence alignment between �-melanocyte-stimulating
rigin. Identical fragments of at least five amino acids are shown and refe
imit of detection (OD values 1–2� background OD; Fig. t
). Germ-free rats displayed significantly lower levels of
utoAbs directed against three neuropeptides including
gRP and MCH (both t test, P � 0.05) and CRH (Mann-
hitney test, P � 0.05) compared with SPF rats.

iscussion

inding of autoantibodies directed against
ppetite-regulating peptides

This study revealed, for the first time, in healthy human
ubjects, the presence of autoAbs of IgG and IgA classes
eacting specifically with several appetite-regulating pep-

ne (�-MSH) and protein fragments from bacterial, viral fungal or archeal
d to the source micro-organism.
hormo
ides, including leptin, ghrelin, PYY, NPY, AgRP, galanin,
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r CRH. The levels of these autoAbs were in the range of
00 –900 ng/mL, probably sufficient to influence func-
ions of corresponding regulatory peptides normally
resent in plasma in the range of picograms to nanograms
er milliliter [35].

Autoantibodies directed against all studied appetite-
egulating peptides were found at similar levels with levels
f insulin autoAbs, which have been extensively studied as
marker of type 1 diabetes, but their levels alone show low
redictive value [25]. Although insulin autoAbs were re-
eatedly reported in healthy subjects, their physiologic lev-
ls (mean �3 SDs) were used merely to define the detection
imit for autoAbs in diabetic patients, with around 49%
isplaying elevated values compared with 3% of the general
opulation [36]. The limited interest in insulin autoAbs in

able 1
xamples of commensal, intestinal, or other pathogenic and environmenta
ith appetite-regulating peptides

acteria Peptides

Leptin Insulin PYY Ghrelin NPY

ommensal
Lactococcus lactis �
Lactobacilli �
Bifidobacterium longum
Bacteroides � �
Bacillus cereus �
Escherichia coli strains

ntestinal pathogens
Escherichia coli strains �
Enterococcus faecalis �
Salmonella enterica � �
Helicobacter � �
Campylobacter � �
Staphylococcus aureus
Enteropathogenic shigella
Clostridium perfringens �
Listeria monocytogenes �

ther pathogens
Yersinia pestis � � �
Yersinia pseudotuberculosis � �
Mycobacterium tuberculosis �
Clostridium tetani
Burkholderia cepacia cmpx � � �
Bordetella bronchiseptica � �
Neisseria gonorrhaeae �
Brucella suis
Streptococcus agalactiae �
Treponema denticola �

nvironmental
Cyanobacteria (soil, water) � �
Erwinia carotovorum

(food)
�

Corynebacterium (food) �
Pseudomonas (food) �
Xanthomonas (food) �
Frankia (soil) �
Streptomyces (soil) � �

�-MSH, �-melanocyte–stimulating hormone; ACTH, adrenocorticotropic
CH, melanin-concentrating hormone; NPY, neuropeptide Y; OT, oxytoc
ealthy subjects is probably related to the view that produc- a
ion of insulin autoAbs must be triggered by “immuno-
enic” insulin derived from pancreatic �-cells destroyed by
n autoimmune process, and the assumption that these
utoAbs should reflect the disease [37]. Thus, a potential
hysiologic origin and function of insulin autoAbs has thus
ar not been considered. The present data showing that
utoAbs directed against insulin and against other regula-
ory peptides are constantly present in healthy subjects sug-
est that these autoAbs represent a general phenomenon of
ossible physiologic significance.

rigin of autoantibodies directed against
ppetite-regulating peptides

The presence of the IgA class of autoAbs directed

eria that display identical (at least five amino acids) proteins sequences

gRP Galanin Orexin MCH �-MSH ACTH CRH OT VP

�
� �

� �
�

� � �

� � � � �

�
� �

�
�

� � �

�

� �
� � � �

� �

�

�

� �
�

�
�

� � �
� �

� � �

one; AgRP, agouti-related protein; CRH, corticotropin-releasing hormone;
Y, peptide tyrosine-tyrosine; VP, vasopressin
l bact

A

�

�

�

horm
gainst regulatory peptides found in human subjects sug-
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ests that at least some of these autoAbs might be triggered
y luminal antigens that can include food-related antigens
nd gut microflora. In fact, the major role of commensal and
athogenic microflora in inducing IgA responses has been
reviously shown [38–40]. However, our results obtained
rom the germ-free rats show that commensal microflora are
ot required for the presence of IgA or IgG autoAbs di-
ected against regulatory peptides but can selectively influ-
nce the levels of at least some of these autoAbs. For
nstance, the relatively lower levels of IgA autoAbs directed
gainst AgRP, MCH, and CRH found in germ-free rats
ight be related to the absence of intestinal antigens. How-

ver, it appears that the presence of SPF rat microflora
ould inhibit the production of IgG autoAbs directed

gainst ghrelin, suggesting a complex mechanism of inter-
ction between microbial antigens and levels of IgG
utoAbs. The potential ability of the microflora to selec-
ively modulate the levels of some regulatory peptide auto-
bs could also be related to the concept of molecular

able 2
xamples of commensal, pathogenic, and environmental viruses that disp
ppetite-regulating peptides

iruses Peptides

Leptin Insulin PYY Ghrelin NPY

ommensal
Lactobacilli bacteriophage � � �
Enterobacteria phage �
Salmonella bacteriophage �
Mycobacteriophage �

athogenic
Hepatitis C virus �
Hepatitis B virus
Influenza A virus
Gastroenteritis virus �
HIV-1 �
HIV-2
Orf virus
Human foamy virus �
Human coronavirus
Human herpesvirus 4
Mayaro virus
Rabies virus

nvironmental
Cowpox virus �
Porcine respiratory

syndrome v.
� �

Duck adenovirus �
Suid herpes virus
Gallid herpesvirus
Lymphocystic disease v.

(fish)
Equine arteritis virus

�-MSH, �-melanocyte–stimulating hormone; ACTH, adrenocorticotropic
IV, human immunodeficiency virus; MCH, melanin-concentrating horm
asopressin; v., virus
imicry. m
oncept of molecular mimicry

The presence of fragments with identical sequences
etween microbial proteins and regulatory peptides sug-
ests that such microbial proteins presenting these se-
uences in the Payer’s patches or other lymphoid organs
ay stimulate the production of immunoglobulins capable

f binding to the identical region present in endogenous
egulatory peptides. According to the concept of molecular
imicry, the functional implications of such sequence sim-

larities are possible only if the protein fragment targeted by
elf-reacting antibodies possesses biological activity [33].
or example, it has been shown that six consecutive amino
cids shared between hepatitis B virus and myelin basic
rotein is sufficient to induce experimental autoimmune
ncephalomyelitis [41]. In the case of regulatory peptides,
hich are released and function as messenger molecules,

ny part of their entire sequence targeted by autoAbs could
esult in modification of their biological activity. Radioim-

ntical (at least five amino acids) proteins sequences with

RP Galanin Orexin MCH �-MSH ACTH CRH OT VP

�
�

�

�
�
�

� � �
�

� � �

�
�

�

�
�

�

one; AgRP, agouti-related protein; CRH, corticotropin-releasing hormone;
PY, neuropeptide Y; OT, oxytocin; PYY, peptide tyrosine-tyrosine; VP,
lay ide

Ag

�

�

horm
one; N
unoassay and immunohistochemical studies have shown
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hat antibodies generated by immunization are able to se-
ectively recognize regulatory peptides as small as the
hree-aa peptide thyrotropin-releasing hormone [42,43]. In
he present study, we recorded the presence of at least five
dentical consecutive aa fragments in regulatory peptides

able 3
xamples of commensal or food-associated fungi which may become pat
isplay identical (at least 5 a. a.) proteins sequences with appetite-regulat

ungi Peptides

Leptin Insulin PYY Ghrelin NP

ommensal (pathogenic)
Yarrowia lipolytica (food) � � �
Saccharomyces cerevisiae

(food)
� � � �

Kluyveromyces lactis (food) �
Debaryomyces hansenii

(food)
Candida albicans � � � �
Candida glabrata � �
Aspergillus fumigatus � � � �
Aspergillus nidulans � �
Cryptococcus neoformans � � � �
Encephalitozoon cuniculi �

nvironmental
Gibberella zeae (plants) � � �
Neurospora crassa (plants) � � � �
Magnaporthe grisea (plants) � � �
Ashbya gossypii (plants) �
Ustilago maydis (plants)
Schizosaccharomyces pombe

(plants)
Blumeria graminis (plants) �

�-MSH, �-melanocyte–stimulating hormone; ACTH, adrenocorticotropic
CH, melanin-concentrating hormone; NPY, neuropeptide Y; OT, oxytoc

able 4
xamples of environmental archea which display identical (at least 5 a. a

rchaea Peptides

Leptin Insulin PYY Ghrelin NP

nvironmental
Methanosarcina (ruminants) � � � � �
Methanococcoides

(ruminants)
� �

Methanopyrus kandleri (hot
sources)

� � �

Methanococcus (hot
sources)

�

Methanothermobacter (hot
sources)

�

Aeropyrum pernix (hot
sources)

� �

Sulfolobus (hot sources) � �
Pyrococcus (hot sources) � �
Halobacteria (salt-rich

sources)
� �

Thermococcus (hot sources)

�-MSH, �-melanocyte–stimulating hormone; ACTH, adrenocorticotropic

CH, melanin-concentrating hormone; NPY, neuropeptide Y; OT, oxytocin; PY
nd microbial proteins qualifying as candidates for molec-
lar mimicry [44]. However, as indicated above, it is im-
ortant to note that sequences shorter than five amino acids
ould be implicated, in addition to discontinuous fragment
omology. Of note, only a limited number of microbial

c in susceptible individuals as well as some environmental fungi which
ptides

gRP Galanin Orexin MCH �-MSH ACTH CRH OT VP

� � � � �
� � �

� � �
� � �

� � � � � � �
� � �

� � � � �
� � � � �
� � � �

�

� � � � � �
� � � � � � �
� � � � � � �
� � � � � �

� � �
�

�

one; AgRP, agouti-related protein; CRH, corticotropin-releasing hormone;
Y, peptide tyrosine-tyrosine; VP, vasopressin

eins sequences with appetite-regulating peptides

gRP Galanin Orexin MCH �-MSH ACTH CRH OT VP

� � � � � � � �
�

� � � �

� �

� �

� �

� � � � � � �
� � � � �
� � � �

� � � �

one; AgRP, agouti-related protein; CRH, corticotropin-releasing hormone;
hogeni
ing pe

Y A

�
�

�
�
�
�
�

horm
.) prot

Y A

�

�

horm

Y, peptide tyrosine-tyrosine; VP, vasopressin
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rotein sequences are currently available in the NCBI da-
abase, and molecular mimicry between regulatory peptides
nd microbial proteins may thus be more extensive.

olecular mimicry with commensal micro-organisms

Our screening revealed that molecular mimicry for each
tudied regulatory peptide is present at least in one micro-
rganism and usually in several representatives of commen-
al or relatively pathogenic micro-organisms. For instance,
eptide fragments identical to leptin were found in proteins
elonging to Lactococcus lactis, Escherichia coli, Lactoba-
illi bacteriophage, Yarrowia lipolytica, Candida, and As-
ergillus species. Notably, the most frequent molecular
imicry (7–12 of the examined regulatory peptides) occurs
ith the class of fungi (Table 3). They include the com-
ensal or relatively pathogenic yeasts Candida albicans,
spergillus fumigatus, and Cryptococcus neoformans, the

ood-associated yeasts Y. lipolytica and Saccharomyces, and
everal plant fungi such as Neurospora crassa. Anorexi-
enic and orexigenic peptides displayed molecular mimicry
ith the same fungus, thus not allowing an association of a

ingle fungus species with a potential specific effect on food
ntake. Among the commensal bacteria and viruses, se-
uence homology was often seen in Lactobacilli and their
hages, bacteroides, and commensal strains of E. coli,
hich displayed molecular mimicry with leptin, insulin,
hrelin, PYY, NPY, AgRP, orexin, �-MSH, ACTH, oxyto-
in, or vasopressin. These results suggest that commensal
icroflora could trigger production of many autoAbs reac-

ive with these regulatory peptides, and that eventually, under
ormal conditions, not a single regulatory peptide may escape

ig. 4. Serum levels of IgG autoAbs directed against appetite-regulating
eptides in germ-free and SPF male Sprague-Dawley rats (mean � SE). *T
est, P � 0.05. �-MSH, �-melanocyte–stimulating hormone; ACTH, ad-
enocorticotropic hormone; AgRP, agouti-related protein; autoAbs, auto-
ntibodies; CRH, corticotropin-releasing hormone; IgA, immunoglobulin
; MCH, melanin-concentrating hormone; NPY, neuropeptide Y; OD,
ptical density in enzyme-linked immunosorbent assay; PYY, peptide
yrosine-tyrosine; SPF, specific pathogen-free.
his microbial-derived immune-mediated control. p
We found that commensal or relatively pathogenic En-
erococcus faecalis displayed molecular mimicry only with
hrelin. The fact that E. faecalis is present in the original
icroflora of SPF rats bred in Charles River Laboratories is

elevant to our finding that the levels of ghrelin-reactive IgG
as higher in germ-free than in SPF rats. These data support

he idea that a negative link could exist between production
f some IgG autoAbs and selective micro-organisms [45].
oreover, a recent finding that active immunization with

hrelin fragments reduces adiposity in mice [46] supports
ur conclusions that ghrelin autoAbs may participate in
hysiologic regulation of appetite and body weight.

olecular mimicry with pathogenic micro-organisms

We previously reported that levels of �-MSH–reactive
gG autoAbs are associated with core psychopathologic
raits in anorexia and bulimia nervosa [18]. In the present
tudy, we demonstrated that various fragments of the
-MSH sequence exists in several pathogenic micro-
rganisms including enteropathogenic E. coli strains, Heli-
obacter pylori, Clostridium tetani, human immunodefi-
iency virus type 1, C. albicans, A. fumigatus, and C.
eoformans. Some of these micro-organisms may therefore
rigger the production of �-MSH–reactive autoAbs relevant
o the pathophysiology of eating disorders.

Interestingly, molecular mimicry related to proteins be-
onging to H. pylori was found only among the anorexigenic
eptides (Table 1), e.g., leptin, insulin, �-MSH, and ACTH,
uggesting that H. pylori–triggered autoAbs reactive with
hese regulatory peptides could selectively alter satiety path-
ays resulting in appetite change. In fact, the presence of H.
ylori has been associated with decreased adiposity [47], high
evels of stomach leptin [48], and insulin resistance [49].

ig. 5. Serum levels of IgA autoAbs directed against appetite-regulating
eptides in germ-free and SPF male Sprague-Dawley rats (mean � SE). *T
est, P � 0.05; *Mann-Whitney test, P � 0.05, for CRH. �-MSH, �-
elanocyte–stimulating hormone; ACTH, adrenocorticotropic hormone;
gRP, agouti-related protein; autoAbs, autoantibodies; CRH, corticotropin-

eleasing hormone; IgA, immunoglobulin A; MCH, melanin-concentrating
ormone; NPY, neuropeptide Y; OD, optical density in enzyme-linked
mmunosorbent assay; PYY, peptide tyrosine-tyrosine; SPF, specific

athogen-free.
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The sequence homology of insulin with pathogenic micro-
rganisms such as H. pylori, Burkholderia cepacia, Yersinia
seudotuberculosis, hepatitis C virus, and gastroenteritis
irus may be responsible for the production of some insulin-
eactive autoAbs. These autoAbs, in our view, would not be
arkers of pancreatic �-cell lysis, but could be mechanis-

ically relevant to altered insulin signaling in diabetes. In
act, it has been shown that sera of some diabetic patients
an inhibit insulin binding to its receptor [50]. Recent data
orroborate our conclusions showing that some pathologic
roperties of insulin autoAbs [51] may be related to their
pitopes [52], whereas changes in intestinal microflora were
ssociated with the development of diabetes and obesity
53,54].

hysiologic versus pathologic role of autoantibodies

The presence of various sequence homologies for the
ame regulatory peptide found in commensal and patho-
enic micro-organisms suggests that they could be respon-
ible for the appearance of cross-reacting autoAbs. How-
ver, the functional implication of binding of such autoAbs
o the regulatory peptide could be different depending on
hat part of the molecule was targeted. We found that

equence homologies were often different between com-
ensal and pathogenic micro-organisms. For instance, com-
ensal bacteroides have mimicry close to the carboxyl-

erminal side of �-MSH, whereas pathogenic H. pylori
isplays homology with the larger part of its carboxyl-
erminal and pathogenic E. coli strains with various regions
f the peptide (Fig. 3A). It is well known that different parts
f the �-MSH peptide have specific functions [55]. For
xample, the central core sequence HFRW is responsible for
he binding of �-MSH to the appetite-related melanocortin
eceptor MC4; the amino terminal SYS is important for
inding at MC3 and MC5 receptors, thus influencing auto-
omic functions; and the amino terminal KPV sequence may
rigger the anti-inflammatory effects at MC1 receptors
56,57]. Thus, autoAbs binding to different regions of
-MSH peptide could differentially influence its biological
ctivities.

It is likely that infections or changes in the composition
f intestinal microflora could result in an appearance of
athologic autoAbs able to alter peptidergic transmission
ith corresponding metabolic and behavioral consequences.
he factors triggering such a switch may be related directly

o alterations of intestinal microflora, such as special diets,
tarvation, antibiotic or antifungal treatment, and gastroin-
estinal infections, or to changes in the mechanisms of
ntigen presentation to the immune system, including alter-
tions of the intestinal barrier by inflammation or stress
58], and genetic vulnerability in downstream pathways of
he immune system leading to autoAb production. In fact,
any of these factors have previously been proposed to

ontribute to the etiology of eating disorders, one example

eing the association of anorexia nervosa with streptococcal j
nfection [59]. Following this example, we have in this
tudy revealed the existence of sequence homology between
treptococcus and leptin and in a previous study with
onadotropin-releasing hormone [60], presenting a potential
ink between micro-organisms and immune-mediated regu-
ation of appetite-related peptides. Interestingly, increased
evels of autoAbs against gonadotropin-releasing hormone
ere associated with intestinal pseudo-obstruction [61],

uggesting that this link might also be relevant to the reg-
lation of the gut propulsive activity considering important
ole of several neuropeptides including CRH in gut motor
unction [62].

oncluding remarks

Some gastrointestinal and neuropsychiatric disorders
ay have pathophysiologic mechanisms in common, in-

olving the bidirectional brain–gut axis signaling through
umoral and neural routes [63–66]. The present work sug-
ests an additional link between the gut and the brain, which
ould contribute to the elaborate interactions existing be-
ween the immune and nervous systems [67–69]. In fact, the
esults of this study show that the phenomenon of autoAbs
irected against regulatory peptides is not restricted to
athologic conditions but may be involved in the regulation
f energy and emotional homeostases in healthy subjects.
urthermore, our data provide evidence that production of

hese autoAbs can be influenced by intestinal microflora,
uggesting that autoAbs directed against regulatory peptides
ay constitute a functional link between intestinal micro-
ora and mechanisms of appetite and emotion.

Such a link may represent a fundamental evolutionary
echanism of adaptation, whereby intrinsic neuroendocrine
echanisms of homeostasis are tuned according to the pre-

ailing microbial environment. Moreover, our data demon-
trate multiple cases of molecular mimicry of regulatory pep-
ides with microbial proteins, identifying micro-organisms as
utative biological targets to be tested for their relevance to
he normal or pathophysiologic mechanisms of appetite and
motion.
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