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Abstract
Eating disorders involve interconnected metabolic, intestinal, and immune disturbances; however, how
restrictive versus binge-eating behaviors differentially shape immune dysregulation remains unclear.
Here, we compared barrier integrity and T cell–mediated immune responses in two mouse models of
eating disorders: activity-based anorexia model (ABA), combining food restriction with voluntary wheel
running, and binge-eating disorder model (BED), combining intermittent access to chocolate with food
restriction stress or restraint stress.

Both models were robust. ABA mice (female Balb/c) showed rapid weight loss and hyperactivity,
whereas BED mice (male C57Bl/6) persisted in chocolate-seeking despite aversive conditioning. Only
ABA mice developed intestinal barrier dysfunction, with significantly increased FITC-dextran permeability
during combined food restriction and exercise. Blood-brain barrier integrity remained intact in both
models.

Gene expression profiling revealed distinct patterns of transcriptional Tight junction (TJ) remodeling. In
ABA mice, colonic transcripts for Tjp1, Cldn1, Cldn4, and Muc2 were reduced, consistent with an impaired
epithelial barrier. BED mice showed broader disruption of junctional genes, characterized by decreased
expression of sealing claudins and upregulation of Cldn2. Cldn2 encodes a pore-forming claudin subtype
whose increased expression is typically associated with enhanced paracellular cation permeability.

Immunologically, the two models produced opposite effects. ABA mice showed an immunosuppressive
profile, with reduced T-cell proliferation in the spleen and mesenteric lymph nodes, lower IFN-γ and TGF-β
production, and increased CD4⁺IL-10⁺ regulatory cells. BED mice showed a pro-inflammatory profile, with
increased T-cell proliferation, elevated Th1/Th17 cytokine signatures, and a loss of CD4⁺TGF-β⁺ cells.

These findings suggest that restrictive and binge-eating phenotypes are associated with distinct
alterations in intestinal barrier-related parameters and immune responses. Together, these results point
to model-specific relationships between eating disorder-related phenotypes, intestinal barrier regulation,
and immune alterations.

Background
Anorexia nervosa (AN) and binge-eating disorder (BED) represent two opposite extremes of dysregulated
energy intake, yet both are associated with marked alterations in peripheral inflammation, gut microbiota
composition, and neurocognitive function. Preclinical modeling of these conditions in rodents has
primarily relied on the activity-based anorexia (ABA) paradigm for AN-like phenotypes (1) and the binge-
eating diet model for hyperphagic behaviors (2–4).

Several variants of the ABA model have been developed to reproduce key features of AN, including food
restriction, excessive physical activity, weight loss, and food-anticipatory activity. The classical ABA
paradigm combines restricted food access with voluntary access to a running wheel, whereas modified

Page 3/44



protocols vary the severity and duration of food restriction or include wheel-only and food-restricted
control groups. These models allow the contribution of caloric restriction, physical activity, and their
interaction to be investigated (5).

Similarly, a range of animal models have been developed to investigate specific behavioral and biological
features of binge-eating disorder (BED), including intermittent or limited access to palatable food, cycles
of food restriction and refeeding, and stress-induced binge-like eating (6, 7). These models reproduce
different aspects of the disorder, such as excessive consumption of highly palatable food, stress-
associated overeating, and compulsive-like food seeking.

The models also reveal systemic metabolic and inflammatory disturbances that parallel clinical findings.
However, despite these shared physiological disruptions, it remains unclear how these paradigms
differentially affect gut and brain barrier integrity and the downstream activation of peripheral immune
pathways.

The integrity of barrier epithelia is essential for maintaining organismal homeostasis by preventing
uncontrolled exchange between the internal and external environments. In the central nervous system,
this function is conducted by the blood-brain barrier (BBB), a highly specialized endothelial interface
whose tight junction (TJ) complexes limit paracellular permeability and regulate the trafficking of
immune cells and solutes.

Analogously, the intestinal epithelium serves as the primary physical and immunological barrier
separating the luminal microbiota and dietary antigens from the systemic circulation. TJ proteins, such
as occludin, claudins, and junctional adhesion molecules (JAMs), are essential for maintaining barrier
integrity and regulating paracellular permeability (8, 9). Dysregulation of these molecules has been linked
to metabolic stress, systemic inflammation, and neurobehavioral alterations (10, 11). Recent evidence
suggests that gut barrier and BBB function may be altered in eating disorders, potentially contributing to
low-grade inflammation and dysregulated neural signaling (12).

Despite these insights, the impact of ABA- or BED-related stressors on gut and BBB permeability and on
expression of TJ-associated genes remains poorly characterized. Functional assays using fluorescein
isothiocyanate–dextran (FITC-dextran) enable in vivo assessment of barrier permeability, while gene
expression analysis of TJ molecules provide mechanistic insight into barrier remodeling (13, 14).

In this study, we used mouse models of ABA and BED to investigate alterations in intestinal and BBB
permeability, TJ-related gene expression, and associated immune responses. Rather than directly
comparing two eating disorder models, we examined distinct stress paradigms associated with
disordered eating: metabolic stress combined with hyperactivity in ABA versus intermittent caloric
restriction and physical restraint in the BED paradigm. As caloric restriction may also engage
homeostatic feeding pathways, the latter should be interpreted as a model of stress- and restriction-
associated binge-like eating rather than a direct representation of clinical BED. We aimed to determine
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whether these contrasting behavioral conditions converge on common pathophysiological alterations in
gut and brain barrier integrity and subsequent peripheral and central immune responses.

Methods

Animal models of eating disorders
Approximately 6-week-old BALB/c (female) and C57BL/6 (male) mice were obtained from the breeding
colonies of the Institute of Microbiology of the Czech Academy of Sciences. Mice were housed in
individually ventilated cages in SPF conditions under controlled conditions with a 12 h light/12 h dark
cycle at constant 22°C and fed a standard diet for mice and rats (Ssniff, Spezialdiäten GmbH, Germany).
All procedures were conducted in accordance with EU legislation on the use of experimental animals
(2010/63/EU) and the Czech Animal Welfare Act. Experimental protocols were approved by the Institute
of Microbiology Animal Care and Use Committee (approval IDs: 12/2023 and 20–2022-P).

The ABA model requires a robust drive for wheel-running under food restriction; this response is
markedly stronger in female BALB/c mice, a strain characterized by a heightened hypothalamic-pituitary-
adrenal axis reactivity (15). Further, female mice were used because predominantly affects females, and
sex-dependent hormonal mechanisms may contribute to susceptibility to ABA and estrogen-mediated
modulation of orexigenic pathways. Female mice were used because AN predominantly affects females,
and sex-dependent hormonal mechanisms may influence feeding behavior and susceptibility to ABA.
Estrogen is an important regulator of hypothalamic energy balance and modulates orexigenic pathways,
providing a biological rationale for investigating ABA in female mice (16).

In contrast, the BED phenotype in rodents is most faithfully reproduced in male C57Bl/6 mice, which
exhibit rapid, high-fat diet-induced hyperphagia and display dopaminergic signaling changes that parallel
human neuroimaging findings (17, 18). Pilot experiments in our laboratory showed that female C57Bl/6
mice do not develop a stable BED binge phenotype, while male BALB/c mice fail to engage in the wheel-
running component of ABA. Including those groups would therefore add noise rather than informative
contrast. Selecting these strain-sex combinations therefore maximizes phenotype fidelity, reduces the
total number of animals needed to detect a biologically meaningful effect, and aligns with the 3-R
principles of animal research. Moreover, generating four experimental groups (C57Bl/6 M/F, BALB/c
M/F) would at least double the number of animals and exceed the approved animal-use protocol.

Animals were randomly assigned to experimental groups using a computer-generated randomization
procedure. Data collection and sample processing were performed in a randomized order, with samples
from different experimental groups distributed across processing batches to minimize potential batch
effects. Investigators performing behavioral, permeability, gene expression, and immunological analyses
were blinded to group allocation whenever feasible. Sample size was determined a priori by power
analysis based on expected effect sizes from previous studies using ABA and BED models. The analysis
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indicated that the selected sample size would provide at least 80% statistical power to detect
biologically meaningful differences between groups at a significance level of α = 0.05.

For establishment of the ABA model (Fig. 1), female BALB/c mice were randomly assigned to four
groups: fed ad libitum (Ctrl) or food-restricted (FR) mice without running wheel access, and Ctrl or FR
mice with access to a running wheel (W, FRW). Because ABA mice must be housed individually,
experiments were performed four times using a total of 20 BALB/c mice per group.

Mice were acclimatized for 3 days with locked running wheels and food ad libitum. This was followed by
a 7-day baseline phase during which running wheels (ENV-047, Med Associates, USA) were unlocked and
body weight, food intake, and running activity were recorded. Baseline food intake was used to calculate
the daily ration (g chow per g body weight). During the ABA phase, FR mice received 70% of their
baseline food intake. After 7 days, mice were euthanized, and serum, brain, and gut tissues were
collected. Mice were euthanized by cervical dislocation in accordance with institutional and national
ethical guidelines.

The ABA experiment was performed four times. Because administration of fluorescein-labeled dextran
interferes with subsequent gene-expression analyses, samples from different experimental runs were
used for downstream assays. Flow-cytometric analyses were performed on samples obtained from two
independent experimental replicates.

For the BED experiments, we used a mouse model combining repeated exposure to chocolate with food
restriction (FR) or restraint stress (R) to capture both the motivational and stress-related components of
binge-like eating. Highly palatable foods, particularly those rich in sugar and fat, are commonly
consumed during binge-eating episodes, whereas food restriction and psychological stress are
recognized triggers that can promote binge eating. By incorporating two distinct stressors, this model
allowed us to examine whether different precipitating factors associated with binge-like eating induce
distinct alterations in intestinal barrier function and immune responses. In addition, the conditioned
suppression paradigm enabled us to assess persistent chocolate-seeking behavior despite an aversive
association, providing a measure of compulsive-like food seeking.

For the BED mouse model (Fig. 2), experiments were performed three times using a total of 24 male
C57BL/6 mice per group. Mice were exposed to either a food-related or a non-food-related chronic
stressor to model binge-like behavior. To ensure comparable chronicity, both stressors were applied for 7
consecutive days. Mice were assigned to one of three groups: food restriction (FR), restraint (R), or non-
stressed controls (Ctrl). FR mice were single-housed and subjected to mild chronic caloric restriction
designed to induce a ~ 15% loss in body weight, with food provided once daily. After the restriction
period, FR mice were returned to ad libitum feeding and regained baseline weight within 24 h; caloric
restriction ended 13 days before behavioral testing to ensure satiety at test. R mice were group-housed
and subjected to daily physical restraint (1 h/day) in ventilated tubes under dark, sound-attenuated
conditions, with ad libitum access to food. Control mice remained undisturbed in their home cages.
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To assess compulsive seeking and consumption of palatable food, all mice underwent a conditioned
suppression paradigm (CSP) (days 12–19), using a validated model of compulsive-like behavior. Prior to
CSP, mice were briefly exposed to chocolate (days 8–9) to minimize novelty effects, followed by 2 rest
days (days 10–11). During CSP, mice were trained to associate a specific chamber with food or
chocolate reward, followed by a light–footshock conditioning session. On test days, reward-seeking and
consumption were assessed in the presence of the conditioned stimulus (light) in the absence of
footshock. Behavioral measures included time spent in each chamber, number of entries, and reward
consumption. Blood samples were collected 60 min after the test, and mice were sacrificed for
downstream analyses (4).

In-vivo measurement of gut permeability
Intestinal permeability was assessed using oral gavage of fluorescein isothiocyanate (FITC–dextran 4
kDa; TdB labs, Sweden). Prior to the assay, mice were fasted for 3 h to allow gastric emptying. Baseline
blood samples were collected from tail veins, after which mice were orally gavaged with FITC-dextran
(10 mg in 100 µL sterile water). Besides administering a fixed amount of FITC-dextran, we also used a
body weight–adjusted oral dose to assess whether the mouse body weight was associated with serum
fluorescence levels (500 µg per 1 g body weight). Mice were kept fasted, and 3 h after gavage, blood
samples were again collected from the tail vein for serum preparation.

As a preliminary step to determine the optimal time point for blood collection, serum was collected at 1,
2, 3, and 4 h following FITC-dextran gavage; 3 h was selected for all subsequent measurements. Serum
samples were diluted with 15% acid citrate dextrose (Sigma-Aldrich, Germany) based on serum volume,
centrifuged at 5,000 rpm for 10 min at 4°C, and the supernatant was kept on ice until fluorescence
measurement.

For assessment of BBB permeability, brains were rapidly removed and rinsed in cold PBS to remove
residual blood. Tissues were then transferred into 1 mL of PBS and homogenized using a FastPrep-24
homogenizer (MGP, Czech Republic) with Lysing Matrix D (MGP, Czech Republic). Homogenization was
performed twice for 2 min at 5.5 m/s. Homogenates were centrifuged at 14,000 rpm for 20 min at 4°C,
and the resulting supernatants were collected and used for permeability measurements. Brains from
non-gavaged mice served as negative controls to confirm baseline signal and assay performance.

Indomethacin (Sigma Aldrich, Germany), used as a positive control for increased intestinal permeability,
was dissolved in 100% dimethyl sulfoxide (Sigma Aldrich, Germany) and subsequently diluted in sodium
bicarbonate buffer (Sigma Aldrich, Germany) prior to administration. Positive control received
indomethacin at a final dose of 500 µg per mouse in 100 ul.

FITC-dextran concentrations were determined by interpolation from a standard curve generated using
serial dilutions of FITC-dextran. Standards and samples were measured in duplicate. Samples were
diluted 2× in PBS before the measurement. Background fluorescence values of the plates were
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subtracted from all readings prior to analysis. Baseline serum fluorescence measured prior to gavage
was subtracted from post-gavage fluorescence values for each mouse. Fluorescence measurements
were performed in black 96-well plates using a spectrophotometer (Infinity M Plex, Tecan, Switzerland)
with excitation at 485 nm and emission at 530 nm. All measurements were performed in a light-
protected environment.

Analyses of the expression of TJ molecules
Baseline expression of genes associated with intestinal and BBB permeability was assessed in colon
and hypothalamus tissues from naïve BALB/c mice (n = 6). Tissues were rapidly dissected, and total
RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. RNA (1 µg), treated with TURBO DNase I (Thermo Fisher Scientific, USA), was reverse-
transcribed using oligo(dT)12-18 primers and SuperScript IV reverse transcriptase (Life Technologies,
USA). Non–reverse transcription controls were included to exclude genomic DNA contamination.

Quantitative real-time PCR was performed on generated cDNA using a CFX96 Touch™ system (Bio-Rad,
USA) with gene-specific primers (Table S1). Amplification efficiency was verified using a cDNA dilution
series. Cycling conditions were 4 min at 94°C, followed by 35 cycles of 10 s at 94°C and 25 s at 60°C,
with a final extension at 72°C for 7 min. Primer specificity was confirmed by melt curve analysis. Gene
expression was calculated using the 2−ΔΔCT (Livak) method and normalized to the two most stable
reference genes (ACTB and GAPDH), identified using RefFinder (Fig. S1). All reactions were run in
duplicate, and non-template controls were included. Data are presented as mean ± SD.

Measurement of serum inflammatory and intestinal barrier function
markers
Immediately following euthanasia, whole blood was collected by cardiac puncture into Micro Sample
Tubes Serum Gel CAT (1.1 mL; Sarstedt, Germany). Samples were allowed to clot at room temperature
for 20–30 min, then centrifuged at 2,000 × g for 10 min at 4°C. The resulting serum was collected,
aliquoted, and stored at − 80°C until analysis. Serum concentrations of sCD14 (secretory CD14),
calprotectin, serum amyloid A (SAA), and lipopolysaccharide-binding protein (LBP) were quantified using
commercially available ELISA kits (Duo-Set ELISA Kits; R&D Systems, USA), according to the
manufacturer’s instructions.

Analyses were performed in duplicate, with serum diluted 500-fold for LBP analysis and 2-fold for sCD14,
calprotectin, and serum amyloid A. For all analyses, absorbances at 450 nm with reference correction at
650 nm were measured using a Multiskan Ascent Plate Reader Spectrometer (MTX Lab Systems, USA).

Flow cytometry analysis
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Spleens and mesenteric lymph nodes (MLN) were collected immediately after sacrifice and processed
under sterile conditions. Spleens were mechanically dissociated through a 70-µm cell strainer to obtain
single-cell suspensions. Red blood cells were lysed using ammonium-chloride-potassium lysis buffer
(ACK; Ardeapharma, Czech Republic), followed by washing in cold phosphate-buffered saline (PBS;
Ardeapharma, Czech Republic). MLN were mechanically disrupted through a 70-µm cell strainer (Avantor,
Czech Republic) in cold PBS. Cell suspensions from both tissues were washed and resuspended in
complete RPMI (Merck, Germany), containing 10% heat-inactivated fetal bovine serum and antibiotic-
antimycotic solution (Sigma-Aldrich, Germany). Cell counts and viability were determined using trypan
blue exclusion.

For surface marker (CD3, CD4, CD8, CD25) as well as for intracellular transcription factor analyses
(FoxP3, T-bet, GATA3, Ki-67), 1–2 × 105 cells were labeled with Fixable Viability Dye (Thermo Fisher
Scientific, USA), fixed, and permeabilized with eBioscience™ FoxP3/Transcription Factor Staining Buffer
Sets (Thermo Fisher Scientific, USA). Non-specific staining was blocked with 10% normal mouse serum
and Fc-receptor blocking reagent (anti-CD16/CD32 antibody); cells were stained for T-cell markers using
fluorescence-labeled antibodies (Table S2). For cytokine detection (IFN-γ, IL-17A, IL-10, TGF-β),
splenocytes and MLN cells were stimulated ex vivo with plate-bound 5 µg/mL anti-CD3ε and 4 µg/mL of
anti-CD28 (Table S2) for 18 h at 37°C in 5% CO₂. For the last 4 h of incubation, a mixture of 3 µg/mL of
Brefeldin A and 2 µM Monensin (Thermo Fisher Scientific, USA) was added.

Following stimulation, cells were washed, labeled with Fixable Viability Dye (Thermo Fisher Scientific,
USA), fixed and permeabilized with a eBioscience™ Intracellular Fixation & Permeabilization Buffer Set
(Thermo Fisher Scientific, USA), blocked with Fc-receptor blocking reagent, and stained for CD3, CD4,
CD8, IFN-γ, IL-17A, IL-10, and TGF-β (Table S2). Data were acquired on a ZE5 multicolor flow cytometer
(Bio-Rad, USA). Compensation was performed using single-stained controls and compensation beads
(Thermo Fisher Scientific, USA), and fluorescence-minus-one (FMO) controls were used to define gating
boundaries. A minimum of 50,000–100,000 lymphocyte-gated events were collected per sample. Gating
strategies are shown in Figs. S2–3. Results are expressed as the percentage of positive cells within the
CD3+, CD4⁺, or CD8⁺ T-cell compartment.

Statistical analysis
Serum and brain levels of translocated FITC-dextran were analyzed via one-way ANOVA and Tukey’s post
hoc test. Data from RT-qPCR as well as serum biomarkers reflecting inflammation and endotoxin
exposure were analyzed via one-way ANOVA using Box–Cox-transformed values (λ = 0.1) and Tukey’s
post hoc test. For datasets that did not meet the assumptions of parametric analysis, a Box–Cox
transformation was applied before performing ANOVA. Correlations between variables were explored
using Spearman’s rank correlation. Flow cytometry data were analyzed via one-way ANOVA and Tukey’s
post hoc test. Immunohistology signals were analyzed using the non-parametric Kruskal–Wallis test.
Statistical significance was defined as: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). All
analyses were performed using GraphPad Prism 8 and RStudio (v2023.6.0.421).
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Results

Study design
We employed two complementary rodent models to investigate distinct eating-disorder phenotypes. The
BED model was performed in male C57Bl/6 mice because this strain readily exhibits binge-type
hyperphagia on a high-fat diet and is the most widely used background for operant-reward testing. The
ABA model was conducted in female BALB/c mice, a sex-strain combination that reliably shows
excessive running wheel activity combined with weight loss under food restriction. Consequently, each
model was run in the strain/sex that maximises translational relevance for the specific disorder, but this
also introduces strain- and sex-dependent variables that must be considered when interpreting cross-
model comparisons.

Establishment and verification of the ABA and BED
experimental models
During experiments with the ABA model, the body weight of all mice was recorded, and the running
wheel activity of mice, in groups with wheel access, was monitored. Although mice in the food-restricted
group without wheel access showed a significant weight reduction compared to controls, weight loss in
the ABA group was even more pronounced. Furthermore, mice exposed to caloric restriction in the ABA
paradigm spontaneously increased their physical activity compared to mice fed ad libitum (Fig. 3A–B).

In the BED mouse model, during the testing phase of the experiment, the time each mouse spent in each
compartment of the apparatus was recorded. Across experimental groups, the figure presents the mean
time each mouse spent in the three compartments of the apparatus (chocolate room, alley, and no-
chocolate room). Mice previously exposed to food-restriction stress or restraint stress spent significantly
more time in the room with chocolate than in the room without chocolate, despite prior conditioning to
associate this compartment with footshock. Mice exposed to restraint stress also spent significantly
more time in the room with chocolate than non-stressed controls (Fig. 3C). Additionally, food-restricted
mice consumed a significantly greater amount of chocolate than both control and restraint-stressed
mice (Fig. 3D). Overall, these results confirm the successful establishment of the BED model for further
measurements.

Increased intestinal but not BBB permeability in ABA mice
To quantify intestinal permeability in the both models, we performed FITC-dextran gavage followed by
serum and brain homogenate fluorescence measurement. Time-course analysis following oral gavage of
FITC-dextran (4 kDa) revealed that serum fluorescence peaked at 3 hours post-gavage in both BALB/c
and C57BL/6 mice, indicating this as the optimal time point for blood sampling (Fig. 4A–B). Oral
administration of indomethacin, used as a positive control due to its recognized ability to increase
intestinal permeability, resulted in a marked increase in serum FITC-dextran fluorescence, confirming the
sensitivity of the assay (Fig. 4C–D).
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Assessment of barrier permeability using FITC-dextran revealed a significant increase in intestinal
permeability in the ABA model, specifically in the food-restriction with wheel-access (FRW) group, as
indicated by elevated serum FITC-dextran levels. No significant differences in intestinal permeability
were observed in the FR, or W groups (Fig. 5A). In the BED model, no differences in intestinal
permeability were detected among the Ctrl, FR, and R groups (Fig. 5B). To exclude the possibility that
differences in body weight influenced FITC-dextran translocation, a Spearman correlation analysis was
performed, which showed no significant association between body weight and serum FITC-dextran
levels when FITC-dextran was administered as either a fixed absolute dose (Fig. 5E–F) or a dose
adjusted to body weight (Fig. S4).

We also evaluated BBB integrity by orally administering 4-kDa FITC-dextran. After a single gavage,
fluorescence was measured in brain tissue to determine whether the tracer crossed the BBB from the
systemic circulation. Indomethacin treatment markedly increased FITC-dextran fluorescence in brain
homogenates compared to vehicle-treated controls, indicating enhanced BBB permeability. Peak
accumulation occurred 2–3 hours after dextran administration, when fluorescence levels were
significantly higher than in mice that did not receive indomethacin. This temporal profile indicates that
indomethacin transiently enhances BBB permeability, with maximal tracer penetration during the 2–3
hour post-dose window (Fig. S5). In contrast, FITC-dextran levels in the brain tissue of ABA and BED mice
were indistinguishable from their respective controls, and values overlapped with those of mice not
administered FITC-dextran. These findings indicate that any BBB alterations in these models are either
below the detection threshold of this assay method, which call ask the sensitivity required to detect
microvascular changes in permeability, or involve mechanisms not captured by bulk tracer permeability
(Fig. S5).

Differential regulation of intestinal and hypothalamic
barrier-related genes in ABA and BED models
RefFinder (19) was used to assess the stability of six candidate housekeeping genes (Gapdh, Actb, Hprt,
Pgk1, S12, Casc3). The combination of Actb and Gapdh was identified as the most stable reference set
for both tissues (Fig. S1). Amplification efficiencies for all target genes ranged from 92.3% to 109.8%.

Analysis of barrier-associated gene expression revealed markedly tissue-specific profiles. In the colon,
the highest transcript levels were observed for TJ genes Tjp1, Tjp2, and Tjp3, as well as Muc2 and claudin
genes Cldn2, Cldn3, Cldn7, and Cldn12, while Cldn5, Cldn9, and Cldn19 were not detectable. In contrast, in
the hypothalamus, the highest transcript levels were detected for Cldn5, Cldn9, Cldn10, and Cldn19,
whereas Tjp3, Muc2, and Cldn3 and Cldn4 were not detectable (Table 1).

In the colons of ABA-model mice, Ocln and JAMA transcript levels were increased in both the W and FRW
groups compared with controls. Cldn8 expression was elevated in all experimental groups. In contrast,
Muc2, Tjp1, and Cldn1 expression was decreased in the FRW group, while Cldn4 expression was
decreased in both the FR and FRW groups. Transcript levels of the remaining barrier-associated genes
remained unchanged across experimental conditions (Fig. 6).

Page 11/44



Analysis of colonic gene expression in BED mice revealed distinct alterations in TJ and permeability-
associated genes in FR and R mice compared with controls. The core sealing genes Ocln, JAM-A, and
Cldn1 were downregulated in both FR and R groups, suggesting reduced TJ sealing capacity irrespective
of the post-binge feeding regimen. In contrast, the pore-forming, leak-promoting gene Cldn2 was strongly
upregulated in both FR and R groups, which may be associated with enhanced paracellular permeability.
The barrier-strengthening claudin genes Cldn3 and Cldn7, which are normally highly expressed in colonic
epithelium, were significantly reduced only in the FR cohort. This suggests that the intermittent feeding
restriction imposed an additional layer of barrier vulnerability beyond that caused by binge exposure
alone. In the restraint-stress cohort, the sealing claudin gene Cldn4 was uniquely decreased, whereas the
non-canonical claudin gene Cldn12, which can enhance nutrient-linked ion transport, was markedly
increased, hinting at stress-induced transcriptional remodeling of the junctional complex that may favor
absorptive over barrier functions (Fig. 7).

To assess whether transcriptional changes in TJ genes were reflected at the protein level, colonic
sections from ABA and BED mice were immunohistochemically stained for Claudin-1 and TJP-1. Both
proteins displayed the expected epithelial localization; however, quantitative analysis revealed no
significant differences in Claudin-1 or TJP-1 immunoreactivity between experimental and control groups
in either model (Figs. S6–S9).

In the hypothalamus of ABA mice, Ocln mRNA expression was increased in both groups with access to
running wheels compared with controls. Tjp2 expression was elevated in all experimental groups
compared to controls. In contrast, Cldn5 expression was reduced in all three experimental groups
relative to controls (Fig. 8A). In the hypothalamus of BED mice, gene-expression analysis revealed a
slight increase in JAMA expression in the R group, while no other significant changes were detected
among the experimental groups (Fig. 8B).

Serum markers of inflammation and gut barrier
dysfunction in ABA and BED mice
To assess systemic inflammation and intestinal barrier function, serum inflammatory and intestinal
barrier–associated markers were measured in both ABA and BED mouse models. ABA mice showed
elevated serum concentrations of sCD14 and calprotectin, along with reduced levels of serum amyloid A
and lipopolysaccharide-binding protein (LBP) compared to controls. These changes were also significant
when comparing food-restricted mice with FRW mice. Relative to activity controls (W), FRW mice
showed further suppression of circulating LBP and SAA (Fig. 9).

Assessment of these markers in the BED model revealed a significant decrease in SAA in both FR and R
mice relative to controls. Although sCD14 and calprotectin showed a trend toward increased levels,
these changes did not reach statistical significance. No differences in serum LBP concentrations were
observed among groups (Fig. 9). Across all samples, serum sCD14 concentrations were positively
correlated with calprotectin concentrations, as determined by Spearman’s rank correlation, in both ABA
and BED models (Fig. 9).
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ABA-induced suppression of T cell proliferation in
systemic and mesenteric lymph nodes
To evaluate the effects of food restriction and voluntary physical activity on T-cell homeostasis,
proliferative and functional CD4⁺ and CD8⁺ T-cell subsets were analyzed in the spleen and mesenteric
lymph nodes (MLN) of mice subjected to the ABA protocol.

In the spleen, food restriction was associated with reduced proliferative activity of CD4⁺ T cells, as
significantly decreased frequencies of CD4⁺Ki-67⁺ cells were observed in both FR and FRW mice.
Proliferation of CD8⁺ T cells and CD4⁺CD25⁺FoxP3⁺ regulatory T cells was reduced in all experimental
groups. In contrast, decreased proliferation of CD4⁺T-bet⁺ and CD4⁺GATA3⁺ cells was observed
exclusively in the FRW group, which also showed a reduced frequency of total CD4⁺GATA3⁺ cells. These
findings indicate that while food restriction and wheel access independently affected the proliferative
activity of selected splenic T-cell populations, their combination exerted a broader suppressive effect on
Th1- and Th2-associated CD4⁺ T-cell subsets (Fig. 10).

In the MLN, both groups with access to running wheels (W and FRW) showed significantly reduced
frequencies of proliferating T cells, including CD4⁺Ki-67⁺ and CD8⁺Ki-67⁺ subsets, compared with control
mice, indicating that voluntary exercise markedly impairs T-cell proliferative activity within gut-associated
lymphoid tissue (GALT). Additionally, proliferating regulatory T cells (CD4⁺CD25⁺FoxP3⁺Ki-67⁺; Tregs) and
total CD4⁺GATA3⁺ cells (Th2 phenotype) were significantly decreased in both W and FRW groups relative
to controls, suggesting attenuated Th2-associated immune responses in the intestinal compartment. A
selective reduction in proliferating CD4⁺T-bet⁺Ki-67⁺ cells (Th1 phenotype) was observed only in the FRW
group, indicating that the combination of caloric restriction and physical activity exerts a particularly
strong suppressive effect on proliferating Th1 cells in the MLN (Fig. 10).

Collectively, these findings demonstrate that the ABA model, particularly the combination of caloric
restriction and excessive physical activity in the FRW group, induces profound suppression of T-cell
proliferation and reshapes helper T-cell subset composition in both systemic (spleen) and gut-associated
(MLN) immune compartments. These effects were most pronounced in proliferating Th1, Th2, and
regulatory T-cell populations.

Enhanced T-cell proliferation and Th1-associated
responses in the BED model
To evaluate the effects of food restriction and restraint stress on intestinal immune homeostasis in the
BED model, T-cell populations and their proliferative activity were analyzed in the spleen and MLN.

In the spleen, FR and R mice similarly displayed increased proliferation of CD4⁺ T cells, while enhanced
CD8⁺ T-cell proliferation was observed specifically in the R group. Although CD4⁺ T-cell frequencies were
reduced, CD8⁺ T-cell proportions were increased in both groups, indicating a shift in systemic T-cell
composition toward the cytotoxic compartment under food restriction and restraint stress. Analysis of
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regulatory T cells in the spleen revealed increased frequencies of proliferating Tregs in the FR group,
accompanied by an elevated total percentage of Tregs, suggesting enhanced expansion of
immunoregulatory subsets in response to food restriction stress. In addition, both FR and R mice
showed significantly increased frequencies of CD4⁺T-bet⁺ cells and proliferating CD4⁺T-bet⁺Ki-67⁺ cells,
indicating activation and expansion of Th1-associated immune responses in the spleen. In contrast, the
proportion of CD4⁺GATA3⁺ cells increased only in the FR group, while proliferative activity in this subset
remained unchanged, suggesting selective modulation of Th2-associated cell abundance without altered
proliferative dynamics (Fig. 11).

In the MLN, both food-restricted (FR) and restraint-stressed (R) mice showed higher frequencies of
proliferating CD4⁺Ki-67⁺ and CD8⁺Ki-67⁺ T cells than controls, indicating enhanced T-cell activation within
GALT. Proliferating regulatory T cells (CD4⁺CD25⁺FoxP3⁺Ki-67⁺) were also elevated in both groups.
Despite this increase in proliferative activity, the overall proportion of CD4⁺ T cells was slightly reduced,
whereas Treg frequencies were elevated in FR mice, suggesting a shift toward a more regulatory T-cell
phenotype, driven by increased Treg proliferation and elevated Treg frequencies under food-restriction
conditions (Fig. 11). Both FR and R groups showed increased frequencies and proliferation of CD4⁺T-bet⁺
cells, consistent with enhanced Th1-associated responses. In contrast, CD4⁺GATA3⁺ cell frequencies
and proliferation remained unchanged (Fig. 11).

Collectively, these findings demonstrate that food restriction and restraint stress induce substantial
alterations in T-cell homeostasis in both gut-associated and systemic immune compartments,
characterized by enhanced proliferative activity, expansion of Th1-associated subsets, and altered
frequencies of regulatory and cytotoxic T-cell populations.

The ABA model induces distinct changes in CD4⁺ and CD8⁺
T cell cytokine profiles
To evaluate the effects of the ABA paradigm on T-cell effector function, cytokine production by CD4⁺ and
CD8⁺ T cells was analyzed in MLN and spleen. Similar cytokine patterns were observed in both immune
compartments.

In both the MLN and spleen, the FRW group showed significantly reduced frequencies of IFN-γ–
producing CD4⁺ T cells compared with controls. Similarly, frequencies of CD8⁺IFN-γ⁺ T cells were
decreased in both FR and FRW groups, indicating impaired cytotoxic and Th1-associated effector
responses under caloric restriction, especially when combined with hyperactivity (Fig. 12).

Analysis of TGF-β–producing T cells revealed tissue-specific alterations. In the MLN, frequencies of both
CD4⁺TGF-β⁺ and CD8⁺TGF-β⁺ cells were significantly reduced across all experimental groups compared
with controls. In the spleen, however, decreased frequencies of TGF-β–producing CD4⁺ and CD8⁺ T cells
were observed only in the FRW group, suggesting a generalized suppression of TGF-β–mediated
regulatory pathways in the gut-associated lymphoid tissue (Fig. 12).
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The FRW group also exhibited a significant increase in CD4⁺IL-10⁺ T cells in both tissues, indicating a
compensatory upregulation of IL-10–producing T cells under combined metabolic and physical stress.
No significant differences were observed in CD8⁺IL-10⁺ cell frequencies among experimental groups
(Fig. 12).

A significant decrease in the frequency of CD4⁺IL-17A⁺ T cells in both FR and FRW groups, restricted to
the spleen and absent in the MLN, indicates that attenuation of the Th17-associated response is
systemic rather than intestinal. This finding suggests that caloric restriction negatively impacts splenic
Th17 populations, independent of exercise.

Collectively, these results demonstrate that the ABA model induces marked alterations in T-cell cytokine
production in both gut-associated and systemic immune compartments, characterized by suppression
of IFN-γ responses, enhanced IL-10 production by CD4⁺ T cells, and reduced TGF-β expression,
particularly under combined food restriction and hyperactivity.

Food restriction and restraint stress proinflammatory T cell
cytokine responses in the BED model
To determine the impact of binge-eating–related conditions on T-cell effector function, intracellular
cytokine production was analyzed in CD4⁺ and CD8⁺ T cells isolated from the MLN and spleen. Overall,
food restriction and restraint stress induced a predominantly pro-inflammatory cytokine profile across
both immune compartments.

Increased frequencies of CD4⁺IL-17A⁺ T cells were observed in the FR group in both MLN and spleen,
whereas elevated frequencies in the R group were restricted to the spleen. These findings indicate
enhanced Th17-associated responses, particularly under food-restriction conditions (Fig. 13).

In the spleen, both FR and R mice exhibited increased frequencies of CD4⁺IFN-γ⁺ T cells compared with
controls, suggesting enhanced systemic Th1-associated activity. Similarly, frequencies of CD8⁺IFN-γ⁺ T
cells were increased specifically in the R group, indicating enhanced cytotoxic effector activity in
response to restraint stress. In contrast, IFN-γ production remained unchanged in the MLN across all
groups (Fig. 13).

No significant changes were detected in the frequencies of CD4⁺IL-10⁺ T cells among experimental
groups in either tissue. However, frequencies of CD8⁺IL-10⁺ T cells were increased in both FR and R
groups in the MLN and spleen, although the overall frequency of these cells remained relatively low
(Fig. 13).

Analysis of TGF-β production demonstrated significantly reduced frequencies of CD4⁺TGF-β⁺ cells in
both FR and R groups in the MLN and spleen, indicating impaired regulatory T-cell–associated cytokine
responses under both food-restriction and restraint-stress conditions. In contrast, frequencies of
CD8⁺TGF-β⁺ cells remained unchanged across experimental groups (Fig. 13).
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Collectively, these findings demonstrate that food restriction and restraint stress in the BED model
promote predominantly pro-inflammatory T-cell responses, characterized by enhanced Th1- and Th17-
associated cytokine responses together with reduced frequencies of CD4⁺TGF-β⁺ regulatory T cells,
while IL-10–producing T-cell frequencies remain largely unchanged except for a modest increase in
CD8⁺IL-10⁺ cells.

Discussion
In this study, we examined intestinal barrier integrity and T-cell–mediated immune responses in mouse
models of anorexia nervosa (activity-based anorexia; ABA) and binge-eating disorder (BED). The ABA
model was associated with increased intestinal permeability, reduced expression of TJ proteins, and an
immunosuppressive phenotype, while the BED model exhibited TJ dysregulation and heightened pro-
inflammatory immune responses. Importantly, these transcriptional changes in the BED model did not
correspond to increased FITC-dextran permeability, indicating that BED induces transcriptional
remodeling of junctional complexes without overt functional barrier breakdown. These findings indicate
that restrictive behavior in female BALB/c mice and binge-eating behavior in male C57Bl/6 mice can
induce distinct gut–immune alterations.

The ABA model mimics key features of AN by combining food restriction with hyperactivity–behaviors
commonly observed in patients (20). The BED model is based on stress exposure being a contributing
factor in the development of compulsive eating behavior (Latagliata et al. 2010, Brown and James
2023). In our study, we employed food-related (food restriction) and non-food-related stress (restraint),
enabling us to disentangle how different stress modalities influence immune function and barrier
regulation.

Using FITC-dextran assays, we demonstrated increased intestinal permeability specifically in the ABA
model, while no significant barrier impairment was observed in the BED model (Fig. 5). We found that
disruption of the intestinal barrier increased intestinal permeability, which may increase exposure to
luminal antigens or microbial products and could subsequently contribute to systemic immune
activation.

A commonly used method to assess intestinal paracellular permeability is the FITC-dextran assay, which
measures the translocation of fluorescent dextran from the intestinal lumen into the bloodstream
following oral administration. FITC-dextran (4 kDa) crosses the intestinal barrier only in lesser amounts
under physiological conditions, allowing detection of modest increases in paracellular permeability when
the barrier is compromised (21, 22).

In our study, we observed increased intestinal permeability in “anorexia nervosa-like” mice subjected to
food restriction combined with running-wheel activity (FRW group), consistent with previous reports
showing increased colonic permeability in ABA models with progressively restricted food access (23).
Since this effect was not observed in the other experimental groups (i.e., controls for food restriction
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alone (FR) or running-wheel access alone (W)), our findings suggest a crucial role for the combined
effects of food restriction and physical activity in driving the observed increase in intestinal permeability.

Although some studies recommend adjusting FITC-dextran dosing according to body weight (24), our
preliminary experiments in healthy mice using both a fixed and weight-adjusted doses revealed no
correlation between body weight and serum FITC-dextran levels (Fig. 5, S4). Moreover, adjusting the dose
based on body weight is challenging in our experimental setting due to only minor inter-individual
differences in body weight between mice. Altered intestinal permeability in BED mice has not been
extensively described to date. In our study, we did not observe significant changes in intestinal
permeability in the BED mice, which may be attributable to the relatively short duration of the applied
stress paradigm (Fig. 5).

Intravenous administration of FITC-dextran is generally preferred for assessing BBB permeability (25).
However, in this study, we also examined whether brain levels of FITC-dextran could serve as a
secondary measure of systemic distribution following oral administration used for gut permeability
assessment. No significant differences in brain FITC-dextran levels were observed between experimental
groups in either model. In contrast, indomethacin treatment resulted in higher brain FITC-dextran levels
compared with untreated controls, suggesting increased BBB permeability under conditions of
pharmacologically induced barrier disruption (Fig. S5).

Both intestinal and BBB permeability are closely regulated by the abundance and distribution of TJ
proteins, which control paracellular transport across the intestinal epithelium. Reduced expression or
altered localization of these molecules can impair barrier integrity and increase intestinal permeability
(21). Although our measurements reflect mRNA expression, these transcriptional changes did not
consistently translate into detectable protein-level differences, indicating post-transcriptional regulation
or delayed protein turnover that may decouple transcript abundance from functional barrier outcomes.
The intestinal epithelium and brain microvascular endothelium both contain overlapping but distinct sets
of sealing proteins, and their tissue-specific expression patterns reflect their diverse barrier functions
(26–28).

In colonic tissue, we detected the highest mRNA expression levels of Tjp1, Tjp2, Tjp3, Muc2, and the
claudin genes Cldn2, Cldn3, Cldn7, and Cldn12, whereas in the hypothalamus, we observed the highest
expression of Cldn5, Cldn9, Cldn10, and Cldn19. In accordance with endothelial single-cell atlases from
the Carmeliet group (29), JAMA, Tjp1, and Tjp2 were expressed in both tissues, although their cellular
sources differ between colonic epithelium and brain endothelium (Table 1).

However, while their study detected low levels of Cldn5 expression in the colon, this transcript was not
detectable in our samples. Conversely, although Ocln expression was not observed in their dataset, we
detected low levels of Ocln mRNA in the colon of our mice (29). These discrepancies may reflect
methodological differences, as single-cell transcriptomic analyses and bulk RT-qPCR measurements
differ in their sensitivity to low-abundance transcripts. Previous studies have shown very low transcript
levels of Cldn5 and Cldn9 in colonic epithelial cells (30). Moreover, our analysis was limited to the
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hypothalamus rather than the whole brain, as the hypothalamus plays a central role in the regulation of
feeding behavior and food-seeking responses, which may further contribute to the observed differences
in expression patterns.

In the colons of ABA-model mice, we observed increased mRNA expression of Ocln, JAMA, and Cldn8,
and decreased expression of Muc2, Tjp1, Cldn1, and Cldn4 in the FRW group (Fig. 6), indicating
substantial transcriptional remodeling of the intestinal barrier. Increased Ocln expression in the FRW
group was also reported in our previous study (31). The reduced expression of Muc2, Tjp1, Cldn1, and
Cldn4 suggests weakened epithelial barrier integrity and diminished mucosal protection, consistent with
the increased intestinal permeability observed in this group (Fig. 6).

Since the proteins encoded by Tjp1 and the Cldn genes are essential components of TJ complexes,
reduced mRNA expression of these genes may limit the availability of their corresponding TJ proteins
and thereby facilitate enhanced paracellular transport across the intestinal epithelium. Decreased Muc2
expression may further compromise the protective mucus layer, increasing epithelial exposure to luminal
antigens and microorganisms. Our findings agree with the study by Jesus et al. (23), who reported
decreased colonic Cldn1 expression in ABA mice compared with mice subjected to limited food access
alone, further supporting the idea that the combination of food restriction and hyperactivity contributes
to barrier impairment (23).

Increased expression of Ocln and JAM-A in the wheel-access groups may represent a compensatory
response to preserve barrier integrity under increased activity. Similarly, elevated Cldn8 expression
across all experimental groups could reflect adaptive tightening of the epithelial barrier, since Cldn8 is
generally associated with barrier-sealing properties (32) (Fig. 6). The observed changes in TJ–related
gene expression suggest complex transcriptional remodeling of the intestinal barrier in the ABA model.

Although we did not observe increased intestinal permeability in the BED model mice (Fig. 7), we
detected significant changes in the colonic mRNA expression of several TJ–related genes. Specifically,
decreased expression of Ocln, JAM-A, and Cldn1, along with increased expression of the pore-forming
Cldn2, the gene encoding a pore-forming claudin subtype, suggests early disruption of epithelial barrier
organization and a shift toward a more permeable intestinal phenotype. However, these transcriptional
changes were likely either insufficient to induce overt barrier dysfunction or may represent an early stage
of barrier impairment that precedes measurable increases in intestinal permeability. To our knowledge,
studies investigating intestinal barrier integrity and TJ alterations in experimental models of BED are
currently lacking, making direct comparison of our findings difficult. The absence of detectable
permeability changes in our BED model may also be related to the relatively short duration of the applied
stress and feeding protocol, which may not have been sufficient to elicit measurable functional
impairment despite clear transcriptional changes in TJ–related genes.

An important consideration is that the increased intestinal permeability observed in the ABA model may
not fully correspond to changes in colonic TJ protein expression. Because our measurements reflect
mRNA levels, transcriptional alterations do not necessarily translate directly into proportional changes in
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protein abundance or localization, both of which are critical determinants of barrier function. Thus,
differences in post-transcriptional regulation, protein turnover, or junctional assembly may further
contribute to the divergent permeability outcomes observed between the ABA and BED models.

Intestinal permeability assessed by FITC-dextran reflects the functional integrity of the gastrointestinal
barrier across multiple intestinal segments, whereas our analyses of TJ–related mRNA and proteins
were performed exclusively in the colon. Therefore, functional barrier alterations may originate from
regions other than the colon or arise from mechanisms not directly captured by measurements of TJ
transcript abundance. Moreover, barrier dysfunction can arise through post-transcriptional regulation,
altered protein localization, or changes in mucus layer composition without producing proportional
changes in gene expression. In addition, we recently demonstrated that the gut microbiota of FR and R
mice differs significantly (33). Given the well-established role of the microbiota in regulating epithelial
barrier function and transcription of TJ–related genes, these microbial differences may contribute to the
distinct patterns of TJ gene expression observed between groups.

In the hypothalamus of the FRW group of ABA mice, we observed increased mRNA expression of Ocln
and Tjp2, along with reduced expression of Cldn5 compared with controls (Fig. 8). TJP-2, the protein
encoded by Tjp2, is a scaffolding protein that links transmembrane TJ proteins to the cytoskeleton, and
its upregulation may represent a compensatory or stabilizing response to metabolic challenges,
potentially counterbalancing the reduced availability of Claudin-5 (which would be expected given the
decreased Cldn5 transcript levels). Claudin-5 is the major TJ adhesion protein in brain endothelial cells
(Morita et al. 1999). This interpretation is supported by a previous study showing that loss of Claudin-5
leads to size-selective loosening of BBB TJ in endothelial cells (34). Although we did not detect
increased BBB permeability using orally administered FITC-dextran, reduced Cldn5 expression may still
indicate subtle molecular changes in the BBB that precede overt functional barrier disruption.

The altered serum levels of inflammatory markers (sCD14 and calprotectin) and gut barrier–relevant
microbial products (such as bacterial lipopolysaccharides) observed in FRW mice further support the
presence of systemic consequences linked to intestinal barrier disruption in the ABA model. Increased
circulating levels of sCD14 and calprotectin may indicate enhanced immune activation and greater
exposure to microbial products originating from the intestinal lumen (Fig. 9). Secretory CD14 is
commonly associated with host responses to bacterial lipopolysaccharides and microbial translocation
(35), whereas calprotectin is linked to inflammatory activation and neutrophil-related immune responses
(36). Similar results were reported in our previous study, although in germ-free mice (31). In contrast,
decreased serum levels of SAA and LBP (Fig. 9) suggest that the inflammatory response in ABA mice
may not correspond to a classical acute-phase reaction (37, 38). This pattern may reflect altered hepatic
acute-phase protein production due to severe metabolic stress and malnutrition associated with the ABA
condition.

The comparative analysis of the ABA and BED models revealed fundamentally distinct patterns of
immune regulation in both gut-associated and systemic lymphoid tissues. The anorexia-like phenotype
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was characterized primarily by suppression of T-cell proliferation and reduced effector cytokine
production, whereas the stressors used in the BED model induced a markedly pro-inflammatory immune
profile with increased T-cell activation and Th1/Th17 polarization (Figs. 10–11). Although rodent models
of eating disorders have been invaluable for uncovering neurobehavioral mechanisms, immune-related
data from these models remain limited. Only a few studies have examined T-cell function, cytokine
production, or gut barrier integrity, and the findings are often inconsistent. Consequently, much of our
understanding of how eating disorder pathology interacts with the immune system still derives from
human investigations, including clinical immunophenotyping, peripheral cytokine profiling, and gut
permeability assays in patients.

In the ABA model, the FRW group exhibited a suppressive effect on proliferating CD4⁺ and CD8⁺ T cells in
both tissues, including Th1, Th2, and Treg subsets, along with decreased production of IFN-γ, TGF-β, and
IL-17, indicating a profound impairment of adaptive immune homeostasis (Figs. 10, 12). These results
indicate that the ABA model reproduces an immunosuppressive state driven by metabolic deficiency and
excessive physical activity. These findings are consistent with clinical observations in patients with AN,
in whom chronic malnutrition and hypercortisolemia are associated with lymphopenia, impaired T-cell
responsiveness, and reduced cytokine production (39). In anorexic patients, similarly reduced
concentrations of TGF-β have been reported (40), although these were measured in serum rather than by
flow cytometry.

The reduced IFN-γ production observed in ABA mice aligns with previous reports describing decreased
IFN-γ levels under malnutrition. Nutritional deficiency is known to suppress Th1-mediated immune
responses, resulting in reduced production of pro-inflammatory cytokines such as IFN-γ (41–43).

Additionally, AN has been associated with alterations in the Th1/Th2 immune balance, with some
studies suggesting a shift toward Th2-dominated or immunoregulatory responses. In line with this
interpretation, we observed increased IL-10 production (Fig. 12), a key anti-inflammatory cytokine
associated with regulatory and, in some contexts, Th2-related immune responses. This increase may
also be related to the high physical activity characteristic of the ABA model, as IL-10 production has
been reported to increase following physical exercise (44, 45). Importantly, however, IL-10 levels did not
differ between patients with AN and healthy controls in a clinical study (46), suggesting that the
increased IL-10 production observed in our ABA model may reflect the combined effects of food
restriction and excessive physical activity rather than AN-like pathology alone.

Both stress stimuli in the BED model induced proliferative, Th1-skewed immune activation in both tested
tissues, accompanied by compensatory expansion of regulatory T cells, suggesting simultaneous
inflammatory activation and immune-regulatory counterbalance. Increased proliferation of CD4⁺, CD8⁺,
and T-bet–expressing T cells in both food-restricted and restrained mice indicates stress-associated T-
cell activation. The parallel expansion of proliferating regulatory T cells suggests induction of
compensatory immune-regulatory mechanisms, consistent with controlled mucosal immune activation
rather than overt inflammatory pathology. One of the most prominent findings was the increased
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proliferative activity of both CD4⁺ and CD8⁺ T cells in the MLN and spleen. Enhanced Ki-67 expression
suggests that food restriction and restraint stress promote T-cell activation and expansion, potentially
reflecting heightened immune surveillance or responses to stress-induced physiological alterations
(Fig. 11). Similar increases in T-cell proliferation have been reported in models of psychological stress
and nutritional imbalance, where neuroendocrine mediators can directly influence lymphocyte activation
and differentiation (47). The observation that these changes occurred in both intestinal and systemic
lymphoid tissues suggests that BED-associated stressors exert widespread immunomodulatory effects
rather than being restricted to the gut environment.

Despite increased Treg abundance, frequencies of CD4⁺TGF-β⁺ cells were significantly reduced in both
experimental groups of BED mice. Because TGF-β is a key mediator of Treg suppressive function, these
findings suggest that regulatory activity may be functionally impaired despite numerical expansion of
Tregs (Fig. 11). This dissociation between Treg frequency and suppressive capacity has been described
in several inflammatory conditions and may contribute to the persistence of low-grade inflammation (48,
49). The increased frequencies and proliferation of CD4⁺T-bet⁺ cells in both MLN and spleen indicate
pronounced activation of Th1-associated immune responses (Fig. 11). This observation was further
supported by increased frequencies of IFN-γ-producing CD4⁺ T cells in the spleen. Th1 polarization is
commonly associated with stress-induced immune activation and has been linked to the production of
pro-inflammatory cytokines. In addition to Th1 responses, our data demonstrate enhanced Th17-
associated immunity, particularly in food-restricted animals. Increased frequencies of IL-17A-producing
CD4⁺ T cells in both MLN and spleen suggest that short nutritional stress promotes differentiation or
activation of Th17 cells (Fig. 13). Th17 responses play critical roles in mucosal immunity but can also
contribute to chronic inflammation when dysregulated. The simultaneous increase in Th1- and Th17-
associated responses observed in this study is notable since these populations often cooperate to
amplify inflammatory processes and tissue damage. Previous studies have shown that stress-related
neuroimmune signaling can promote both Th1 and Th17 polarization, supporting the interpretation that
BED-associated conditions favor pro-inflammatory immune programming (50, 51). Together, these
findings demonstrate that food restriction and restraint stress induce a complex pattern of immune
dysregulation characterized by enhanced T-cell activation, expansion of Th1- and Th17-associated
responses, altered T-cell subset distribution, and impaired regulatory cytokine production.

The coexistence of increased Treg frequencies with diminished TGF-β production suggests that
compensatory regulatory mechanisms are activated but may be insufficient to control inflammation. We
did not detect significant changes in IL-10 production by CD4⁺ T cells in either the MLN or spleen of BED
mice (Fig. 13). IL-10 is a key anti-inflammatory cytokine involved in maintaining immune tolerance and
limiting excessive inflammatory responses (52). Increased frequencies of CD8⁺IL-10⁺ T cells were
observed in both experimental groups; however, this population remained relatively scarce, suggesting
that its overall contribution to immune regulation is likely limited (Fig. 13). Therefore, despite evidence of
compensatory regulatory responses, such as increased Treg frequencies, IL-10-mediated
immunoregulation does not appear to be substantially enhanced in this model. These findings differ
from previous clinical observations describing reduced IL-10 levels in patients with BED (53). This
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discrepancy may reflect important differences between human disease and experimental mouse
models. Clinical studies measure systemic cytokine concentrations influenced by multiple immune and
metabolic factors, whereas the present study specifically assessed intracellular cytokine production by
defined T-cell subsets. Furthermore, the BED model reproduces selected behavioral and physiological
aspects of the disorder but may not fully capture the chronic metabolic, endocrine, and psychological
alterations present in patients with BED. Nevertheless, the lack of significant changes in CD4⁺IL-10⁺ T
cells, together with reduced TGF-β-producing CD4⁺ cells, suggests that impaired immune regulation in
this model is driven primarily by defects in TGF-β-associated pathways rather than by diminished IL-10
production.

We are aware that food restriction increased the frequency of CD4⁺IL-17⁺ cells in the BED paradigm,
whereas a similar effect was not observed in the ABA model. Although both paradigms involve reduced
food intake, the broader experimental context differs substantially. In the ABA model, animals are
exposed to prolonged caloric restriction combined with excessive physical activity, resulting in marked
weight loss and a profound negative energy balance that may promote immunosuppressive
mechanisms and limit Th17 responses. In contrast, food restriction in the BED model is shorter in
duration and followed by refeeding, while animals are simultaneously exposed to behavioral stress
associated with the binge-eating protocol. These differences may favor the development of a transient
pro-inflammatory environment and increased Th17 polarization. Therefore, the immunological
consequences of food restriction appear to be highly context-dependent and influenced by the duration
of restriction, metabolic status, refeeding, and associated stressors.

A major strength of this study is the comprehensive characterization of gut barrier integrity and immune
responses in two widely used mouse models of eating disorders. To our knowledge, this is the first study
to combine functional assessment of intestinal permeability with analysis of TJ protein–related gene
expression and detailed immunological profiling of T-cell responses and cytokine production in both
mesenteric lymph nodes and spleen. These data provide new insight into the relationship between
barrier dysfunction and immune alterations in ABA and BED models.

However, several limitations should be acknowledged. First, intestinal permeability was assessed using
orally administered FITC-dextran, a widely used but relatively insensitive method that may not detect
subtle changes in barrier function. Second, our analysis of barrier-associated proteins was limited to a
selected panel of genes. Transcriptomic approaches, such as RNA sequencing, would allow a broader
and less biased characterization of molecular pathways involved in barrier regulation and eating-disorder
pathophysiology. Finally, flow-cytometric analysis was restricted to a limited number of cytokines and T-
cell subsets. As a result, additional immune populations and signaling pathways potentially involved in
disease-associated immune dysregulation may have remained undetected. Future studies using more
comprehensive immune profiling approaches will be necessary to further elucidate the complex
interactions between barrier function and immune responses.
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Female mice were used in the ABA experiments, whereas male mice were used in the BED experiments.
The selection of sex was based on established literature and optimization of each model. The ABA
paradigm is most commonly conducted using female rodents because it reliably reproduces key
behavioral and physiological features of AN, a disorder with a markedly higher prevalence in females. In
contrast, the BED model employed in this study was previously validated in male mice and was therefore
implemented using the same sex to ensure robustness and comparability with published findings.
Moreover, in our model of BED, food restriction was implemented primarily as a stressor and
environmental challenge rather than as a means of inducing compensatory feeding. Because different
sexes were used in the ABA and BED models, direct comparisons between models should be interpreted
as comparisons of disorder endotypes within their respective validated experimental paradigms rather
than as assessments of sex-specific effects. The present study was not designed or powered to
evaluate sex differences and the potential influence of sex on gut barrier function and immune
responses, and this limitation should be noted. Nevertheless, we acknowledge that food restriction may
also engage homeostatic mechanisms and therefore constitutes a limitation of the model.Taken
together, the present findings show that the ABA and BED models produce opposing immune signatures.
In both models, a notable observation was the strong impact of environmental or behavioral stressors on
immune phenotype. In the ABA model, voluntary wheel running had a dominant suppressive effect on T
cell proliferation, while restraint stress in the BED model enhanced cytotoxic and Th1-associated
responses.

Conclusion
Our findings demonstrate distinct gut–immune alterations in mouse models of restrictive and binge-
eating–related phenotypes. In the ABA model, food restriction combined with excessive physical activity
increased intestinal permeability and was associated with an overall immunosuppressive phenotype. In
contrast, the BED model showed marked alterations in barrier-related gene expression without
measurable increases in intestinal permeability, together with enhanced T-cell proliferation and
predominantly Th1/Th17-associated responses. These findings suggest that gut barrier and immune
alterations are important but phenotype-specific components of eating disorder pathophysiology.
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Figure 1

Timeline of activity-based anorexia (ABA) model (female Balb/c).. Schematic representation of the
experimental timeline showing the acclimatization phase, establishment of baseline activity and food
intake, and subsequent food-restriction phase. Mice were divided into four experimental groups, including
two groups with access to running wheels and two groups without wheel access, with food restriction
applied as indicated. Created with Biorender.
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Figure 2

Timeline of binge-eating anorexia (BED) model (male C57Bl/6). Schematic representation of the
experimental design, including the adaptation phase, exposure to the experimental stressors (food
restriction and restraint stress), repeated access to chocolate, conditioned suppression paradigm, and
subsequent behavioral testing. Mice were exposed to different combinations of stressors and food-related
stimuli to induce binge-like eating behavior. The conditioned suppression paradigm was used to assess
compulsive-like chocolate seeking. In this paradigm, mice were exposed to an aversive stimulus previously
associated with a negative experience, creating a conflict between avoidance of the aversive context and
motivation to obtain the palatable food. Continued chocolate seeking despite the aversive conditioning was
interpreted as reduced behavioral suppression and compulsive-like food-seeking behavior. Created with
Biorender.
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Figure 3

Establishment of core features of ABA and BED mouse models. (A) Average daily running activity during the
restriction phase in the ABA model (female Balb/c), expressed as distance traveled (km/day); (B) Body-
weight change in ABA mice throughout the restriction period, expressed as percentage change from
baseline; (C) Time spent in each compartment of the apparatus in the BED model (male C57Bl/6) during
behavioral assessment (Choc, Alley, No Choc); (D) Total amount of chocolate consumed by BED mice
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during the test session, expressed in grams. Values represent the mean ± SD or span the complete range
with the mean ± SD, from minimum to maximum. Sample sizes: ABA = 11 mice/group; BED = 8 mice/group.
Data from the ABA model were analyzed using the unpaired t-test or Kruskal-Wallis test with Dunn’s post-
test. Data from the BED model were analyzed using one-way ANOVA with Sidak’s post hoc test. Asterisks
indicate statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Ctrl – control; Choc –
chocolate; FR – food restriction; R – restraint; W – running wheel; FRW – food restriction with running
wheel.
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Figure 4

Preliminary assessment of intestinal permeability in female BALB/c and male C57Bl/6 mice. Gut
permeability was evaluated using oral gavage of 4 kDa FITC-dextran. Serum fluorescence was measured in
serum at 1, 2, 3, and 4 hours post-gavage. Indomethacin-treated mice served as positive controls for
increased gut permeability. Data are shown for BALB/c and C57BL/6 strains, indicating the amount of FITC-
dextran translocated into circulation. (A, B) Time-dependent FITC-dextran translocation in BALB/c and
C57BL/6 mice, respectively; (C, D) Serum FITC-dextran levels in control and indomethacin-treated BALB/c
and C57BL/6 mice, respectively. Data were analyzed using one-way ANOVA with Tukey’s post hoc test.
Values represent the mean ± SD or span the complete range from minimum to maximum. Sample sizes:
assessment of optimal blood collection time: BALB/c = 5, C57BL/6 = 6; indomethacin treatment: control =
10, indomethacin-treated = 6. Asterisks indicate statistical significance: **p < 0.01; ***p < 0.001; ****p <
0.0001. Ctrl – control; INDO – indomethacin.
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Figure 5

Gut permeability in ABA and BED mouse models. Gut permeability was evaluated using oral gavage of 4
kDa FITC-dextran. Data are shown for the ABA model (female BALB/c mice) and the BED model (male
C57Bl/6), indicating intestinal permeability measured as serum FITC-dextran levels. (A) Serum FITC-dextran
levels and Spearman correlation coefficients between body weight and intestinal permeability in the ABA
model, (B) Serum FITC-dextran levels and Spearman correlation coefficients between body weight and
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intestinal permeability in the BED model. Data were analyzed using one-way ANOVA with Tukey’s multiple-
comparison test. Values show the complete range, from the minimum to the maximum. Sample sizes: ABA
= 11 mice/group, BED = 8 mice/group. Asterisks denote statistical significance: n/s – non-significant; *p <
0.05; **p < 0.01. Ctrl – control; R – restraint; W – running wheel; FRW – food restriction with running wheel.

Figure 6
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mRNA expression of intestinal barrier-associated genes in the colon of ABA mice (female Balb/c). Relative
mRNA transcript levels were determined by qRT-PCR and normalized to Actb and Gapdh reference genes.
Panel titles use protein names for readability; data represent expression of the corresponding genes. Values
represent the complete range from minimum to maximum. Transformed data (λ = 0.1) were analyzed using
one-way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical significance: *p < 0.05;, **p < 0.01;
***p < 0.001; ****p < 0.0001. Sample sizes: n = 10 mice/group. Ctrl – control; FR – food restriction; W –
running wheel; FRW – food restriction with running wheel; JAM-A – junctional adhesion molecule A; TJP –
tight-junction protein.

Page 37/44



Figure 7

mRNA expression of intestinal barrier–associated genes in the colon of BED mice (male C57Bl/6). Relative
mRNA transcriptlevels were determined by qRT-PCR and normalized to Actb and Gapdh reference genes.
Panel titles use protein names for readability; data represent expression of the corresponding genes. Values
represent the full range from minimum to maximum. Transformed data (λ = 0.1) were analyzed using one-
way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical significance: *p < 0.05; **p < 0.01, ***p
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< 0.001. Sample sizes: n = 16 mice/group. Ctrl – control; FR – food restriction; R – restraint; JAM-A –
junctional adhesion molecule A; TJP – tight-junction protein.

Figure 8

mRNA expression of hypothalamic barrier–associated genes in (A) ABA (female Balb/c) and (B) BED (male
C57Bl/6) mice. Relative mRNA transcript levels were determined by qRT-PCR and normalized to Actb and
Gapdh reference genes. Panel titles use protein names for readability; data represent expression of the
corresponding genes. Values represent the full range from minimum to maximum. Transformed data (λ =
0.1) were analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical
significance: n/s – non-significant; *p < 0.05; **p < 0.01. Sample sizes: n = 8 or 9 mice/group. Ctrl – control;
FR – food restriction; W – running wheel; FRW – food restriction with running wheel; R – restraint; JAM-A –
junctional adhesion molecule A; TJP – tight-junction protein.
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Figure 9

Serum concentrations of inflammatory and intestinal barrier-associated markers in (A) ABA (female Balb/c)
and (B) BED (male C57Bl/6) model mice and their Spearman correlation. Red or green indicates a positive
correlation; grey indicates a negative correlation. Data were transformed using the Box–Cox transformation
(λ = 0.1) and analyzed by one-way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical
significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Values represent the full range from
minimum to maximum. Sample size: ABA, n = 20 mice/group, BED, n = 24 mice/ group for FR and R, and n =
8 mice/group for controls. Ctrl – control; FR – food restriction; W – running wheel; FRW – food restriction
with running wheel; LBP – lipopolysaccharide-binding protein; SAA – serum amyloid A; sCD14 – soluble
CD14.
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Figure 10

T-cell population in the spleen and mesenteric lymph nodes and s of ABA mice (female Balb/c). (A)
Representative flow cytometry gating strategy for T-cell subsets, (B) T-cell composition and proliferation.
Data were analyzed using one-way ANOVA with Tukey’s post hoc test. Statistically significant differences in
proliferating cell frequencies (Ki67+ cells) are indicated by black brackets with asterisks, while statistically

significant differences in total subset frequencies (Ki67+ and Ki67- cells) between groups within the same T-
cell subset are indicated by blue brackets with hash (#) symbols. p < 0.05; p < 0.01; p < 0.001; ****p < 0.0001;
#p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001. Values represent the mean ± SD. Sample sizes: n = 10
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mice/group. Ctrl – control; FR – food restriction; W – running wheel; FRW – food restriction with running
wheel; MLN – mesenteric lymph nodes.

Figure 11

T-cell subsets in the spleen and mesenteric lymph nodes of BED mice (male C57Bl/6). Data were analyzed
using one-way ANOVA with Tukey’s post hoc test. Statistically significant differences in proliferating cell
frequencies (Ki67+ cells) are indicated by black brackets with asterisks, while statistically significant
differences in total subset frequencies (Ki67+ and Ki67- cells) between groups within the same T‑cell subset
are indicated by blue brackets with hash (#) symbols. * p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001,
#p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001. Values are shown as the mean ± SD. Sample sizes: n =
10 mice/group. Ctrl – control; FR – food restriction; W – running wheel; FRW – food restriction with running
wheel; MLN – mesenteric lymph nodes.
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Figure 12

Cytokine production in the spleen and mesenteric lymph nodes of ABA mice (female Balb/c). (A) Cytokine
production by CD4+ and CD8+ T cells in the spleen, (B) cytokine production by CD4+ and CD8+ T cells in
MLN. Data were analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical
significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Values are shown as mean ± SD. Sample
size: n = 10 mice/group. Ctrl – control; FR – food restriction; W – running wheel; FRW – food restriction with
running wheel; MLN – mesenteric lymph nodes.
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Figure 13

Cytokine production in the spleen and mesenteric lymph nodes of BED mice (male C57Bl/6). (A) Cytokine
production by CD4+ and CD8+ T cells in the spleen, (B) cytokine production by CD4 and CD8 T cells in MLN.
Data were analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisks indicate statistical
significance: *p < 0.05; **p < 0.01;, ***p <  0.001; ****p < 0.0001. Values are shown as mean ± SD. Sample
sizes: n = 8 mice/ctrl group, n = 16 mice/FR/R groups. Ctrl – control; FR – food restriction; R – restraint;
MLN – mesenteric lymph nodes.
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