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Abstract: Leptin is an appetite-regulating adipokine that is reduced in patients with anorexia ner-
vosa (AN), a psychiatric disorder characterized by self-imposed starvation, and has been linked to
hyperactivity, a hallmark of AN. However, it remains unknown how leptin receptor (LepR) and its
JAK2-STAT3 downstream pathway in extrahypothalamic brain areas, such as the dorsal (dHip) and
ventral (vHip) hippocampus, crucial for spatial memory and emotion regulation, may contribute to
the maintenance of AN behaviors. Taking advantage of the activity-based anorexia (ABA) model
(i.e., the combination of food restriction and physical activity), we observed reduced leptin plasma
levels in adolescent female ABA rats at the acute phase of the disorder [post-natal day (PND) 42],
while the levels increased over control levels following a 7-day recovery period (PND49). The
analysis of the intracellular leptin pathway revealed that ABA rats showed an overall decrease of
the LepR/JAK2/STAT3 signaling in dHip at both time points, while in vHip we observed a tran-
sition from hypo- (PND42) to hyperactivation (PND49) of the pathway. These changes might add
knowledge on starvation-induced fluctuations in leptin levels and in hippocampal leptin signaling as
initial drivers of the transition from adaptative mechanisms to starvation toward the maintenance of
aberrant behaviors typical of AN patients, such as perpetuating restraint over eating.

Keywords: anorexia nervosa; activity-based anorexia; leptin; hippocampus

1. Introduction

Leptin is an adipokine mediator of adipose–nerve tissue communication and plays
a crucial role in regulating appetite, feeding, body mass and energy expenditure [1]. It is
produced from adipocytes, circulates in the blood [2] and crosses the blood–brain barrier to
modulate the anorexigenic response via the leptin receptor (LepR) located in neuropeptide
Y/agouti-related protein (NPY/AgRP) and pro-opiomelanocortin (POMC) neurons in the
hypothalamus [3–5]. Upon binding to its receptor, leptin can exert its effects by activating
the Janus kinase 2/signal transducer and activator of the transcription 3 (JAK2/STAT3)
signaling pathway [6]. Following STAT3 phosphorylation and translocation from the
cytoplasm into the nucleus, it regulates the transcription of numerous target genes con-
tributing to the control of energy homeostasis [7,8]. LepRs are also highly expressed in
extra-hypothalamic brain regions [9], such as the hippocampus [10], where they modu-
late synaptic plasticity, learning and memory performances [11] and depression-related
behavior [12,13].

During the condition of being underweight, hypoleptinemia represents a key marker
of starvation and LepR signaling, together with other secretory feeding-induced hormones,
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it mediates physiological and behavioral adaptations to starvation, such as reduction in
energy expenditure, body temperature and reproductive behaviors [14]. While intermittent
starvation is known to improve body performance by acting as an acute stressor, a pro-
longed period of starvation instead acts as a chronic stressor that might endanger survival
via maladaptive consequences, such as increasing energy expenditure to foraging and
risky behaviors and thus, in turn, reducing predation avoidance, increasing aggressive
interactions and reducing reproductive behavior [15]. In this scenario, the major cause of
voluntary weight and fat loss resulting in severe emaciation is anorexia nervosa (AN), a
psychiatric disorder that leads to pronounced hypoleptinemia. AN mainly affects adoles-
cent females [16] and it is characterized by severe emaciation caused by obsessive control
over weight, excessive physical activity and cognitive inflexibility [17,18]. In underweight
AN patients, leptin plasma and cerebrospinal fluid levels are markedly reduced and posi-
tively correlated to the patients’ body mass index and body fat mass [19–22]. It has been
postulated that alterations in leptin levels, together with other appetite modulators, are
the primary consequences of the nutritional changes occurring with AN. However, even
though most of those alterations disappear following bodyweight recovery [23], our hy-
pothesis is that they may contribute to the maintenance of both aberrant eating behaviors
and/or other comorbid features, such as cognitive impairment, anxiety- and depressive-like
behaviors. In fact, hypoleptinemia, an index of AN disorder severity [17,18,24], regulates
the neuroendocrine system inducing physiological and endocrinological changes that first
drive the adaptation process required to enhance survival while, later on, it contributes to
exacerbating bodyweight loss [14]. During refeeding, leptin levels progressively increase
along with bodyweight recovering and, when weight restoration is rapid, leptin reaches
values disproportionately higher than normal [19–21,25].

Interestingly, it has been demonstrated that starvation-induced hypoleptinemia reg-
ulates not only energy homeostasis but also the hedonic and motivational aspects of
reward [26], affective state and cognitive functions [27]. Moreover, it has been proposed
that hypoleptinemia could play a role in the elevated physical activity typical of women
with AN [28]. Off-label treatment of AN patients with metreleptin, a recombinant analog of
human leptin, entails an increased motivation to overcome their eating disorder, a reduction
in hyperactivity and an improvement in depressive-like symptomatology and cognitive
impairment [29–31]. Accordingly, in rodent studies, leptin treatment via minipumps or
intracerebroventricular administration after the initiation of food restriction reduced run-
ning activity on a wheel in the starvation-induced hyperactivity and in the activity-based
anorexia (ABA) rat models, thus allowing an association between hypoleptinemia and
hyperactivity [32–34].

In this scenario, our hypothesis is that AN-induced alterations in the crosstalk among
peripheral and central regulators of energy balance, such as leptin, may represent not only
homeostatic adaptations to malnutrition, but also contribute to the development and/or the
maintenance of maladaptive behaviors typical of the disorder. On this basis, we expect that
low circulating leptin levels might initially trigger a reorganization of the leptin-mediated
pathway in extra-hypothalamic brain areas, which, even following regaining of bodyweight
and consequent fluctuation of leptin levels, persistently contributes to sustain aberrant
behaviors in AN. Since little is known about the molecular mechanisms underlying the
modulation of LepR signaling in emotional- and cognitive-related brain areas in a condition
of AN-induced starvation, the aim of our work was to investigate the impact of the anorexic
phenotype on the LepR/JAK2/STAT3 pathway in the ventral and dorsal hippocampi (vHip
and dHip, respectively). To this purpose, female adolescent rats have been subjected to the
ABA paradigm, the gold standard model of AN that combines minimal food intake with in-
tense physical activity [35] and sacrificed at two different time points, i.e., in the acute phase
of the phenotype (i.e., 25% of weight loss paralleled by an exponential increase in running
activity on the wheel) and after a 7-day period of bodyweight recovery. We compared the
ABA-induced effects to the consequences of caloric restriction or to running wheel activity
alone to dissect their specific contribution to the maintenance of the ABA phenotype. At
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a molecular level, in addition to the analysis of the LepR expression, we evaluated the
expression and phosphorylation levels of JAK2 and STAT3, as indexes of activation levels of
the LepR pathway. Moreover, we evaluated the gene expression of two STAT3-dependent
genes, Socs3 and Dnmt1, as an index of STAT3 activation. In particular, Socs3, a cytokine
signaling suppressor, exerts its function by controlling the negative feedback on the LepR
signaling via JAK2/STAT3 pathway inhibition [36]. The DNA methyl transferase Dnmt1,
through DNA methylation, inhibits the binding of transcription factors or indirectly blocks
the chromatin remodeling functions by repressing the hippocampal transcription of genes
involved in LTP and memory consolidation [37,38]. In this manuscript, we employed
animals from a previously published study [39] for two primary reasons. Firstly, we aimed
to comply with the new regulations regarding the use of animals for scientific research,
which seek to minimize their number, where possible. Secondly, we wanted to utilize
the brain areas of animals whose behavioral characterization of the anorexic phenotype
was already known. In particular, in the acute phase of the pathology, we observed that
ABA rats reduced bodyweight significantly more than only food-restricted rats, despite
eating the same amount of food. Concurrently, unlike EXE animals that maintained a
stable activity on the wheel, ABA rats constantly increased running activity over days [39].
The generation of this food restriction-induced hyperactivity represents a hallmark of the
maladaptive behavior characteristic of AN [40].

2. Materials and Methods
2.1. Animals and Housing

The experimental paradigm was performed on adolescent female Sprague–Dawley
rats (Charles River, Calco, Italy) at the Department of Pharmacological and Biomolecular
Sciences at the University of Milan. All animal procedures were conducted following
the principles set out in the subsequent laws and policies governing the care and use
of laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorization n.19/2008—
A issued 6 March 2008, by Ministry of Health); the NIH Guide for the Care and Use of
Laboratory Animals (2011 edition) and EU directives and guidelines (EEC Council Directive
2010/63/UE). Authorization for animal use has been obtained from the Italian Ministry of
Health (#898-2016-PR and 833-2019-PR). All efforts were made to reduce animal suffering
and to use the lowest number of animals: for ethical reasons, ABA rats were not allowed
to lose more than 25% of their initial bodyweight. The experiments have been reported in
observance of the ARRIVE guidelines.

Upon their arrival, rats were maintained under standard conditions of temperature
(21 ± 1 ◦C) and humidity (50–60%) and with a reversed 12 h light/dark cycle (lights on:
10.30 p.m.; lights off: 10.30 a.m.). Animals were nourished with standard rat chow (ssniff
Spezialdiäten GmbH, Soest, Germany) and with tap water ad libitum. To avoid the so-called
“litter effects”, only up to two female siblings were taken from each litter [41].

2.2. Experimental Design

Adolescent female rats arrived on postnatal day (PND) 28, housed in groups of four
in standard home cages and left undisturbed to get accustomed to the reversed light/dark
cycle until PND31, when rats started to be weighed daily. At PND35, animals were
individually housed; however, the cages were placed next to each other to provide sight,
acoustic and odor contact. Animals were arbitrarily divided into four groups, assuring to
place siblings, if present, in different experimental groups: control (CTRL) group, housed
in standard homecages with food ad libitum; food-restricted (FR) group, housed in standard
homecages with food limited for 2 h/day; exercise (EXE) group, allowed to freely access
a mechanical wheel (activity wheel BIO-ACTIVW- R cage, Bioseb, Vitrolles, France) to
experience voluntary running activity with food ad libitum; activity-based anorexia (ABA)
group, allowed to freely access a mechanical wheel to experience voluntary running activity
with food limited for 2 h/day.
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After 3 days of familiarization with the new environment, at PND38, the food restric-
tion started and FR and ABA rats underwent caloric restriction with full and free access to
food for only 2 h/day from 10.30 to 12.30 a.m. This extended feeding period, compared to
the original protocol that dictates 1 h–1.5 h/day of food availability, was made necessary
to reduce mortality since younger and lighter rats show greater vulnerability to ABA [42].
Of note, during the 2 h of food access, wheels were blocked to prevent rats from favoring
running rather than eating [43]. At PND42, ABA animals reached the anorexic phenotype,
thus showing a bodyweight loss equivalent to 25% compared to the CTRL physiological
bodyweight increment in parallel to an exponential increment in wheel activity [44]. Half
of the rodents were sacrificed by decapitation at PND42 (acute phase), while the remaining
animals were transferred into regular housing cages with food ad libitum (from PND42
to PND49) to allow bodyweight recovery and then sacrificed (PND49). A representative
timeline of the experiment is shown in Figure 1A.
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Figure 1. Effect of the ABA paradigm induction on the circulating leptin levels. Panel (A) shows the
timeline of the experimental paradigm. Panel (B) represents the levels of circulating leptin measured
in CTRL, FR, EXE and ABA rats in the acute phase (PND42) of the phenotype and after a period of
bodyweight recovery (PND49). Data are expressed in scatter plot bar graphs as pg/mL and represent
the mean ± SEM of five rats per group. Two-way ANOVA followed by Tukey’s multiple comparison
test ** p < 0.01, *** p < 0.001 vs. CTRL; # p < 0.05 vs. FR; $ p < 0.05, $$$ p < 0.001 vs. EXE. Pearson’s
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product–moment correlation (r) analyses between leptin plasma levels and food intake (g) (panel C)
or bodyweight (g) (panel D) are represented as group mean for CTRL, FR, EXE and ABA rats at both
PND42 and PND49. * p < 0.05, *** p < 0.001. CTRL: control; FR: food-restricted; EXE: exercise; ABA:
activity-based anorexia.

vHip and dHip were immediately dissected from the whole brain according to the
plates 47–90 (from −1.72 mm to −6.84 mm from Bregma) of the Paxinos and Watson Rat
Brain Atlas [45], frozen on dry ice and stored at −80 ◦C, and plasma were collected in a
previous study [39]. Bodyweight, food intake and wheel-running activity were evaluated
per each animal daily at 9.30 a.m., and these behavioral measurements were already
reported in our previous study [39].

2.3. Plasma Collection and ELISA Assay

After decapitation, trunk blood was immediately collected in vials containing EDTA
(0.5 M, pH 8) and centrifuged at 3000× g for 20 min. The supernatant, corresponding to
the plasma fraction, was isolated and stored at −80 ◦C until the analysis. According to the
manufacturer’s instructions, leptin plasma levels were assessed by ELISA assay using a
commercial kit (R&D systems, Biotechne, Milan, Italy, RRID: AB_2943468).

2.4. Post-Synaptic Density Isolation and Western Blot Analyses

Proteins from vHip and dHip were extracted as previously reported with minor
modifications [46]. Briefly, tissues were homogenized and an aliquot of each homogenate,
the nuclear fraction, the cytosolic fraction and the Triton X-100 insoluble fraction (TIF,
post-synaptic density) were stored at −20 ◦C.

The total amount of proteins in the different fraction was quantified by means of the
Bradford Protein Assay procedures (Bio-Rad, Milan, Italy). Equal amounts of proteins of
the nuclear fraction (15 µg), cytosolic fraction (15 µg) and TIF fraction (10 µg) were loaded
and run on a sodium dodecyl sulfate 8% polyacrylamide gel and then electrophoretically
transferred onto nitrocellulose membranes (GE Healthcare, Milan, Italy). The entire nitro-
cellulose blot was cut close to the molecular weight at which protein bands are expected to
be detected, as indicated by their specific molecular weight and the information depicted
in the antibody datasheet. Blot strips were then blocked for 1 h at room temperature with
I-Block solution (Life Technologies Italia, Segrate, Italy) in TBS 0.1% Tween-20 buffer and in-
cubated with antibodies against the phosphorylated forms of the proteins and then stripped
and re-probed with the antibodies against corresponding total proteins. The conditions of
the primary antibodies were the following: anti-Leptin Receptor (1:1000, Biotechne, cod:
NB100-40796, RRID: AB_715008), anti-pJAK2Tyr1007/1008 (1:1000, Cell signaling technology,
Milan, Italy, cod: 3776, RRID: AB_2617123), anti-JAK2 (1:1000, Cell signaling technology,
cod: 3230, RRID: AB_2128522), anti-pSTAT3Tyr705 (1:1000, Cell signaling technology, cod:
9131, RRID: AB_331586), anti-STAT3 (1:1000, Cell signaling technology, cod: 4904, RRID:
AB_331269). Results were standardized to β-actin control protein (1:7500, Sigma Aldrich,
Milan, Italy, cod: A5441, RRID: AB_476744) detected at 43 kDa.

Immunocomplexes were detected by chemiluminescence using the Chemidoc MP
Imaging System (Bio-Rad Laboratories, Segrate, Italy, RRID: SCR_019037) and analyzed
using the Image Lab 6.1 software (Bio-Rad Laboratories). Gels were run two times each,
and the final results represent the average from two different runs. A correction factor
was used to average different gels: correction factor gel B = average of (OD protein of
interest/OD b-actin for each sample loaded in gel A)/(OD protein of interest/OD b-
actin for the same sample loaded in gel B) [47]. Full-size original cropped immunoblots
related to the protein expression levels evaluated in the present study are enclosed in
Supplementary Figures S1–S4 and representative immunoblots for each protein are shown
in Figures 2F, 3G, 4F and 5G.
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Figure 2. Effects of the ABA paradigm induction on the leptin receptor and signaling in the ventral
hippocampus. LepR levels, measured in the PSD, are shown in the acute phase of the pathology
(A) and after a 7-day recovery period (B). Levels of phosphorylation and total protein expression
of JAK2 represented as a ratio of phospho(p)-JAK2 in Tyr1007/1008 over total JAK2 and levels of
phosphorylation and total protein expression of STAT3 represented as a ratio of phospho(p)-STAT3 in
Tyr705 over total STAT3 were measured in the cytosolic fraction in the acute phase of the phenotype
(D,G) and after a period of bodyweight recovery (E,H). Data are expressed in scatter plot bar graphs as
% of CTRL animals and represent the mean ± SEM of five rats per group. Representative immunoblots
for each protein are shown in panel (F). Panel (C) shows the representative image of the subregion
of interest (vHip: ventral hippocampus). * p < 0.05, ** p < 0.01, *** p < 0.01 vs. CTRL; # p < 0.05,
## p < 0.01, ### p < 0.001 vs. FR; $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 vs. EXE. (Two-way ANOVA
followed by Tukey’s multiple comparisons test). CTRL: control; FR: food-restricted; EXE: exercise;
ABA: activity-based anorexia.
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Figure 3. Effects of the ABA paradigm induction on STAT3 cytosol-to-nucleus translocation and
on STAT3-dependent genes expression in the ventral hippocampus. The ratio between nuclear and
cytosolic STAT3 protein levels is shown in the acute phase of the phenotype (A) and after a period
of bodyweight recovery (B). Socs3 mRNA levels were evaluated in the acute phase of the disorder
(C) and after a period of bodyweight recovery (D). Dnmt1 mRNA levels were evaluated in the
acute phase of the disorder (E) and after a period of bodyweight recovery (F). Data are expressed in
scatter plot bar graphs as % of CTRL animals and represent the mean ± SEM of five rats per group.
Representative immunoblots for each protein are shown in panel (G). * p < 0.05, ** p < 0.01, *** p < 0.001
vs. CTRL; ## p < 0.01, ### p < 0.001 vs. FR; $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 vs. EXE. (Two-way
ANOVA followed by Tukey’s multiple comparisons test). CTRL: control; FR: food-restricted; EXE:
exercise; ABA: activity-based anorexia.



Nutrients 2024, 16, 1171 8 of 19Nutrients 2024, 16, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 4. Effects of the ABA paradigm induction on the leptin receptor and signaling in the dorsal 
hippocampus. LepR levels, measured in the PSD, are shown in the acute phase of the pathology (A) 
and after a 7-day recovery period (B). Levels of phosphorylation and total protein expression of 
JAK2 represented as a ratio of phospho(p)-JAK2 in Tyr1007/1008 over total JAK2 and levels of 
phosphorylation and total protein expression of STAT3 represented as a ratio of phospho(p)-STAT3 
in Tyr705 over total STAT3 were measured in the cytosolic fraction in the acute phase of the 
phenotype (D,G) and after a period of bodyweight recovery (E,H). Data are expressed in scatter plot 
bar graphs as % of CTRL animals and represent the mean ± SEM of five rats per group. 
Representative immunoblots for each protein are shown in panel (F). Panel (C) shows the 
representative image of the subregion of interest (dHip: dorsal hippocampus). * p < 0.05, ** p < 0.01, 

*** p < 0.001 vs. CTRL; # p < 0.05, ## p < 0.01 vs. FR; $ p < 0.05, $$$ p < 0.01 vs. EXE. (Two-way ANOVA 
followed by Tukey’s multiple comparisons test). CTRL: control; FR: food-restricted; EXE: exercise; 
ABA: activity-based anorexia. 

Figure 4. Effects of the ABA paradigm induction on the leptin receptor and signaling in the dorsal
hippocampus. LepR levels, measured in the PSD, are shown in the acute phase of the pathology
(A) and after a 7-day recovery period (B). Levels of phosphorylation and total protein expression
of JAK2 represented as a ratio of phospho(p)-JAK2 in Tyr1007/1008 over total JAK2 and levels of
phosphorylation and total protein expression of STAT3 represented as a ratio of phospho(p)-STAT3 in
Tyr705 over total STAT3 were measured in the cytosolic fraction in the acute phase of the phenotype
(D,G) and after a period of bodyweight recovery (E,H). Data are expressed in scatter plot bar graphs as
% of CTRL animals and represent the mean ± SEM of five rats per group. Representative immunoblots
for each protein are shown in panel (F). Panel (C) shows the representative image of the subregion
of interest (dHip: dorsal hippocampus). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. CTRL; # p < 0.05,
## p < 0.01 vs. FR; $ p < 0.05, $$$ p < 0.01 vs. EXE. (Two-way ANOVA followed by Tukey’s multiple
comparisons test). CTRL: control; FR: food-restricted; EXE: exercise; ABA: activity-based anorexia.
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Figure 5. Effects of the ABA paradigm induction on STAT3 cytosol-to-nucleus translocation and
on STAT3-dependent genes expression in the dorsal hippocampus. The ratio between nuclear and
cytosolic STAT3 protein levels is shown in the acute phase of the phenotype (A) and after a period
of bodyweight recovery (B). Socs3 mRNA levels were evaluated in the acute phase of the disorder
(C) and after a period of bodyweight recovery (D). Dnmt1 mRNA levels were evaluated in the
acute phase of the disorder (E) and after a period of bodyweight recovery (F). Data are expressed in
scatter plot bar graphs as % of CTRL animals and represent the mean ± SEM of five rats per group.
Representative immunoblots for each protein are shown in panel (G). * p < 0.05, *** p < 0.001 vs.
CTRL; # p < 0.05, ## p < 0.01; ### p < 0.001 vs. FR; $$ p < 0.01, $$$ p < 0.001 vs. EXE. (Two-way
ANOVA followed by Tukey’s multiple comparisons test). CTRL: control; FR: food-restricted; EXE:
exercise; ABA: activity-based anorexia.
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2.5. mRNA Isolation and Real-Time PCR Analysis

Total RNA was isolated from vHip and dHip tissues in the TissueLyzer (30 Hz, 30 s)
by single-step guanidinium isothiocyanate/phenol extraction via PureZol RNA isolation
reagent (Bio-Rad Laboratories, Segrate, Milan, Italy) and quantified by spectrophotometric
analysis. Samples were processed for real-time reverse transcription polymerase chain
reaction (real-time PCR) to assess mRNA levels as previously reported [48].

RT-PCR analysis was performed to assess Socs3 and Dnmt1 mRNA levels. Data
were analyzed with the comparative threshold cycle (DDCt) using 36B4 as the internal
standard. Primers and probes for SOCS3 were purchased from Applied Biosystem, Foster
City, California (SOCS3: ID Rn00585674_s1). Primers and probes for Dnmt1 and 36B4 were
purchased from Eurofins MWG-Operon. Their sequences are shown below:

1. Dnmt1: forward primer 5′- GCGCTCATTGGCTTTTCTAC-3′, reverse primer 5′-
CTCGACCACAATCTTGCTGA-3′, probe 5′- AGCCCAGAGTATGCACCAAT-3′;

2. 36B4: forward primer 5′-TCAGTGCCTCACTCCATCAT-3′, reverse primer 5′-AGGAA
GGCCTTGACCTTTTC-3′, probe 5′-TGGATACAAAAGGGTCCTGG-3′.

2.6. Statistical Analysis

Data were collected in individual animals (independent determinations) and are
presented as means ± standard errors. Behavioral changes were analyzed by a two-way
ANOVA with repeated measures followed by Bonferroni’s multiple comparisons test;
for further details, please refer to [39]. Molecular changes were analyzed by a two-way
ANOVA, testing physical activity (sedentary vs. exercise) and food availability (food ad
libitum vs. food restriction) as independent variables at the two different time points
analyzed, PND42 or PND49. When dictated by relevant interaction terms, Tukey’s multiple
comparisons test was applied to identify differences among individual groups of rats.
Detailed statistics, such as F and p values of independent variables of the two-way ANOVA,
are reported in Supplementary Tables S3–S6.

Pearson’s product-moment coefficients (r) and linear regression analyses (R2) were
determined to study potential correlations between behavioral outcomes induced by the
ABA procedure and molecular changes. Subjects were eliminated from the final dataset
if their data deviated from the mean by 2 SDs. Prism 9.5.0 (GraphPad Software, Prism
v9.5.0, San Diego, CA, USA) was used to analyze all the data. Significance for all tests was
assumed at p < 0.05.

3. Results

As previously published, the combination of food restriction and running activ-
ity causes the development of the AN phenotype in the ABA animals by reaching the
maximum-allowed weight loss combined with the hyperactive behavior at PND42, repre-
sentative of the acute phase [39]. In particular, at this time point, ABA rats showed reduced
bodyweight versus CTRL (−65%, p < 0.001) and EXE (−54%, p < 0.001) rats; interestingly,
even though they ate the same amount of food (FR: 9 g; ABA: 8 g), ABA rats displayed
reduced bodyweight even compared to FR rats (−22%, p < 0.01). This difference is due to
the hyperactive behavior displayed by ABA rats on the wheels: starting from the beginning
of the food restriction paradigm, ABA rats increased their running activity over days and at
PND 42, they ran a significantly increased total distance compared to EXE rats (+16,982 m
vs. EXE, p < 0.01).

3.1. Effects of the Anorexic Phenotype Induction on Circulating Leptin Levels

Leptin plasma levels were reduced in FR, EXE and ABA animals compared to CTRL
rats (Figure 1B left) in the acute phase of the disorder. Moreover, when compared to EXE
animals, ABA rats exhibited further diminished leptin plasma levels. On the other hand,
after bodyweight recovery, FR and EXE leptin plasma levels were restored back to CTRL
levels (Figure 1B right), whereas ABA animals showed a significant increase in leptin
plasma levels that exceeded that of CTRL rats. Interestingly, as shown in Figure 1C,D,
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Pearson’s correlation analysis showed a positive correlation between leptin plasma levels
and food intake and bodyweight in FR and ABA animals, while there was a negative
correlation between leptin plasma levels and food intake in EXE animals.

3.2. Activity-Based Anorexia Alters Intracellular Leptin Receptor Signaling in the Ventral Hippocampus

To investigate whether ABA induction modulates the LepR signaling in the vHip,
we measured the LepR/JAK2/STAT3 expression and phosphorylation levels among the
different experimental groups at both time points. As illustrated in Figure 2 panel A, in
the acute phase, ABA rats showed a reduction in LepR protein levels whereas, following
bodyweight recovery (Figure 2B), the ABA group exhibited a significant increase in its
expression exceeding PND49 control levels. No changes were observed in FR and EXE rats
at both time points (Figure 2A,B).

Then, to provide insights on downstream kinase activation, we measured the ratio be-
tween the phosphorylated and total expression levels of JAK2 (pJAK2(Tyr1007/1008)/JAK2) in
the cytosolic fraction at both time points. At PND42, the combination of food restriction and
exercise significantly reduced the ratio compared to the CTRL, FR and EXE groups; while ex-
ercise per sé showed an increase of pJAK2(Tyr1007/1008)/JAK2 compared to the CTRL group
(Figure 2D). At PND49, the ABA group exhibited an increase in pJAK2(Tyr1007/1008)/JAK2
ratio compared to all other groups (Figure 2E), while no changes were observed in the
FR and EXE animals. Since JAK2 activates STAT3 to regulate energy homeostasis [8] and
synaptic plasticity in the hippocampus [49,50], we analyzed the activation levels of STAT3,
measured as the ratio between the phosphorylated and total expression levels of STAT3
(pSTAT3(Tyr705)/STAT3), in the cytosolic fraction. At PND42, STAT3 activation was re-
duced in the FR, EXE and ABA groups (Figure 2G). On the contrary, at PND49, only the
combination of food restriction and physical activity increased the pSTAT3(Tyr705)/STAT3
ratio (Figure 2H). Since STAT3 exerts its transcriptional activity upon translocating into
the nucleus [51], we evaluated the ratio of STAT3 expression levels in the cytosolic versus
nuclear fraction as an index of STAT3 translocation from the cytosol to the nucleus. At
PND42, only the combination of food restriction and exercise significantly reduced STAT3
translocation (Figure 3A). Conversely, at PND49, ABA rats displayed a significant increase
in the nucleus/cytosol ratio of STAT3, whereas no changes were observed in FR and EXE
rats (Figure 3B).

To have a readout of the translational activity of STAT3, we evaluated the impact of
the anorexic phenotype on the expression of two STAT3-dependent genes: Socs3, a protein
that terminates JAK-STAT cytokine signaling pathway activity [52] and Dnmt1, a DNA
methyl transferase that controls synaptic plasticity [53]. In our experimental condition,
Socs3 and Dnmt1 gene expression were reduced in the FR, EXE and ABA groups at PND42
(Figures 3C and 3E, respectively). Conversely, after weight recovery, Socs3 and Dnmt1
mRNA levels were increased only in the ABA group, in line with STAT3 translocation
(Figures 3D and 3F, respectively).

3.3. Activity-Based Anorexia Alters Intracellular Leptin Receptor Signaling in the Dorsal Hippocampus

Since ventral and dorsal subregions of the hippocampus play different roles, we
evaluated the LepR/JAK2/STAT3 pathway also in the dHip.

At PND42, the ABA rats showed reduced LepR protein levels in the post-synaptic
density (Figure 4A), which persisted at least until PND49. Interestingly, exercise per sé
increased LepR levels at PND49, a week after the last day of exercise (Figure 4B). Next,
we analyzed the activation levels of JAK2 and STAT3 in the cytosolic fraction of dHip. At
PND42, we observed a reduced activation of the pJAK2(Tyr1007/1008)/JAK2 ratio in the ABA
group (Figure 4D) while, at PND49, the reduction of JAK2 activation in the ABA group was
significant compared to all the other experimental groups (Figure 4E). Moreover, the EXE
group showed increased JAK2 activation compared to the CTRL group (Figure 4E). No
significant changes were observed in the pSTAT3(Tyr705)/STAT3 ratio at both time points
(Figure 4G,H).
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Then, we evaluated STAT3 expression in the cytosolic fraction versus nuclear expres-
sion as an index of translocation. STAT3 translocation was reduced in the ABA group
while it increased in the EXE group at both time points (Figure 5A,B). The analysis of
STAT3-dependent genes revealed a significant increase in Socs3 mRNA levels only in ABA
animals measured in the acute phase (Figure 5C), whereas, after bodyweight recovery, its
levels were reduced only in ABA rats (Figure 5D). Moreover, at PND42, Dnmt1 mRNA
levels were increased only in the ABA group, an effect that persisted after bodyweight
recovery (Figure 5E,F).

4. Discussion

In our experiments, we observed a biphasic trend in blood leptin levels, with a marked
reduction at PND 42 and an increase that exceeded the CTRL levels after one week. We also
showed long-lasting changes in the LepR/JAK2/STAT3 signaling pathway in the dHip
and vHip of ABA rats which, similarly, reduced immediately after the establishment of the
anorexic phenotype but opposite in the two subregions one week later. We believe that such
alterations might contribute to driving the transition from adaptation to starvation toward
maladaptive alterations that are still observed even when bodyweight is recovered. Our
data could help explain the hippocampal-dependent structural and functional impairments
observed in the ABA model (Mottarlini et al., unpublished data) [54] and in patients with
AN [55–57].

Among the different circulating signals reaching the brain from the periphery and that
regulate food consumption and energy balance as fundamental mechanisms to maintain
physiological bodyweight [35,40], leptin plays a crucial role in AN as evidenced by its
reduced levels in underweight patients [33,58]. In clinical settings, leptin has been proposed
as an indicator of the nutritional status since it provides an accurate measure of the adipose
tissue storages [59] and it predicts AN independently from the body mass index [60].
Refeeding and weight recovery in patients with AN determine a transition from low to
normal circulating leptin levels; however, the extent of this hormonal recovery is different
as it depends on the age and timing of sampling. Interestingly, leptin levels not completely
restored at discharge favor weight loss in the short-term remission [61]; however, higher
than physiological levels of leptin predict further weight loss after 1 year [19,20]. In line
with clinical data and evidence in rodents [62,63], in our cohort of adolescent female rats, we
showed that leptin plasma levels were greatly reduced at PND 42. Hypoleptinemia seems to
be due to food restriction per sé, further designating leptin as a critical marker of starvation.
The effect of physical activity in reducing leptin levels in EXE rats is due to its role in
stabilizing appetite in a condition of exercise-induced negative energy imbalance, thus
suggesting that its reduction, despite of a lesser extent than that observed in ABA rats, might
be associated with the increased metabolic demands imposed by exercise to regulate energy
homeostasis [64]. We observed that EXE and FR rats restored the amount of circulating
leptin back to CTRL levels following the 7-day recovery period, suggesting its ability to
physiologically respond to food consumption and to the normalization of bodyweight. Of
note, ABA rats showed a marked increase in leptin levels, even exceeding CTRL levels with
regaining weight, suggesting an impaired leptin system functionality. Interestingly, changes
in leptin levels in FR and ABA rats positively correlated with food intake and bodyweight
loss, sustaining the hypothesis that fluctuations in its levels might contribute to triggering
the mechanisms underlying adaptations to starvation. The hyperleptinemia previously
demonstrated in clinical evaluations from the Hebebrand’s group during refeeding [19,20],
here also observed in an experimental model of AN following recovery of bodyweight,
may contribute to explain the patients’ difficulty reaching or maintaining the target weight.
In fact, a sudden increase in leptin blood levels may reduce food consumption and an
increase in energy expenditure [65,66], thus mediating elevated caloric demands that, in
turn, render AN recovered patients more vulnerable to relapse [67].

Among the extra-hypothalamic regions in which leptin exerts its function, we focused
our attention on the hippocampus since sizeable reductions in hippocampal subfield
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volumes have been observed in young, acutely underweight patients with AN and, even
more interestingly, a larger reduction of these hippocampal subfields has been predicted
by hypoleptinemia in the acute phase of the disorder [55]. We investigated the two main
subregions of the Hip, dorsal and ventral, since they play different roles in regulating
emotion, stress-related responses and cognitive processes. In particular, the vHip governs
the overall affective state and moderates the effects of emotional experience and stress. The
dHip, instead, is mainly involved in controlling cognitive functions, including memory,
learning and spatial contextual detection [68–70]. In addition, both subregions are involved
in delaying meal initiation and influencing the amount of food consumed [71,72]. In the
vHip, we found that, following the induction of the anorexic phenotype, the refeeding
induced a shift from hypo- to over-activation of the membrane expression of the LepR,
of JAK2 and STAT3, in the nuclear translocation of STAT3 and in the transcription of
STAT3-dependent genes, Socs3 and Dnmt1. Interestingly, since it has been shown that
targeted deletion of LepR in the adult Hip of mice is sufficient to induce depressive-like
behaviors and alter the coping ability to stressful events [73], we hypothesize that the
reduced activation of the LepR/JAK2/STAT3 pathway in ABA rats in the acute phase of the
disorder might contribute to explain the increased anxiety and depressive-like phenotype
observed in rats exposed to the combination of reduced energy intake and intense wheel
activity [74,75]. From a clinical standpoint, this is of interest since patients with AN suffer
from a significant number of psychiatric comorbidities, such as anxiety- and depressive-
like symptoms [73,76–78], which are rapidly improved by metreleptin treatment [29,30].
The reduced levels of Socs3, the inhibitor of JAK2/STAT3, and of Dnmt1, crucial for the
maintenance of DNA methylation [79], in ABA rats sacrificed in the acute phase might
reflect an adaptive response to restore the physiological activity of the pathway via reducing
the negative feedback and the methylation-induced repression of transcription. On the
contrary, the increased expression of Socs3 and Dnmt1 observed following recovery might
be a mechanism set in motion by the cells to counteract the hyperactivation of the pathway.

In the dHip, the ABA condition reduced the membrane expression of the LepR, the
activation of JAK2 and the nuclear translocation of STAT3, effects that persisted even
following the 7-day recovery period. Since the regulatory action of leptin in the Hip is
pro-cognitive, acting on the strength and functionality of synaptic connections [49], a re-
duced LepR/JAK2/STAT3 pathway in ABA rats might contribute, in turn, to explaining
the altered homeostasis of the glutamate synapse, the reduced spine density and the spatial
memory impairment that we have previously observed in ABA rats in the spatial order
object recognition test performed at both PND42 and PND49 (Mottarlini et al., unpub-
lished data). Moreover, the increased levels of Socs3 and Dnmt1 in the acute phase, an
effect that might be induced by signals other than leptin itself, such as neuroinflammatory
regulators [80,81], might contribute to further reducing the LepR pathway activity. Of note,
despite weight recovery, the persistent reduction in the LepR/JAK2/STAT3 pathway in
ABA rats reduced Socs3 expression probably via Dnmt1-induced hypermethylation of Socs3
promoter [82], thus reflecting an adaptive response to restoring the physiological activity of
the pathway. This biphasic expression of Socs3 in the dHip adds complexity to the molecular
dysregulation induced by the anorexic phenotype on the leptin signaling that may con-
tribute to inaccurate information processing and, ultimately, affect hippocampal-dependent
memory and associative learning observed in ABA rats (Mottarlini et al., unpublished data)
and in patients with AN [83,84].

Since the maturation of both dHip and vHip is protracted during late adolescence [85],
our data corroborate the hypothesis that the ABA paradigm interferes with the hippocampal
maturational trajectory via altered periphery-to-brain crosstalk that might ultimately mod-
ulate cognitive function, emotional behavior and associative learning, thus contributing to
altering stimuli related to food salience [54,86–88]. The changes in the LepR/JAK2/STAT3
pathway, which persist even after bodyweight restoration, strongly suggest that the leptin
signaling pathway is involved in the mechanisms set in motion by hyperactivity-induced
starvation and might drive the transition from adaptation to starvation toward persis-
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tent maladaptive alterations. Despite this evidence, we cannot rule out the possibility
that other peripherally-produced factors, such as myokines, adipokines and hormonal
responses [23,89,90], might contribute to the molecular alterations induced by the com-
bination of low energy intake and hyperactivity in the dHip and vHip. Moreover, the
precise underlying mechanisms of this transition, which we hypothesized took place also
by recruiting other neurotransmitter systems [(i.e., the glutamatergic system, Mottarlini
et al., unpublished data, [91,92]], still need to be completely understood. Even though
in the acute phase of the disorder the single conditions of FR and EXE modulate leptin
plasma levels, this does not happen in the brain where, at least in the vHip and dHip, we
observed an altered activation of the LepR pathway only in ABA rats. Moreover, a previous
report indicates that FR and EXE alone induced changes in dendritic arbors in the dHip and
vHip upon age-matched cohorts of rats [86]: our data suggest that the LepR/JAK2/STAT3
pathway may not be involved in such regulatory mechanisms.

We are aware that this paper holds some limitations. Since LepR is expressed also
in astrocytes [93] and its deletion in GFAP-positive astrocytes reduces basal synaptic
transmission [94], we cannot infer the herein-shown changes in the LepR pathway to be
mainly neuronal or glial. Moreover, our data are limited to dHip and vHip whereas the
possibility exists that the LepR/JAK2/STAT3 signaling pathway might be dysregulated in
other extra-hypothalamic brain regions, such as the prefrontal cortex, ventral tegmental
area and nucleus accumbens.

5. Conclusions

Leptin plays a significant role in the clinical symptomatology and the progression
of AN; indeed, it is also considered a risk factor for relapse episodes [14,95] and four
variants in the sequence of the coding region of the leptin gene have been identified in
acutely ill AN patients [96]. Our data add evidence to the hypothesis that hypoleptinemia
could be an initial driver of the adaptations set in motion by the body in a condition of
starvation. In parallel, reduced activation of the brain LepR pathway in the acute phase
of AN in both hippocampal subregions may account for altered cognitive and emotional
processes, typical of patients with AN. On the other hand, following the recovery period,
persistent low activation in the dHip might fuel the hypoleptinemia-induced alteration of
aberrant salience driving maladaptive learning, while the concomitant increased activation
of the pathway in the vHip might contribute to explaining the improvement of anxiety-
like behavior previously observed in recovered ABA rats [54]. Thus, the herein-shown
fluctuations of circulating leptin and its signaling in ABA rats might contribute to set the
stage for the transition to AN via persistent, albeit different, changes in the dHip and vHip
LepR/JAK2/STAT3 signaling pathway that cannot be ascribed to a generalized effect of
malnutrition or exercise alone. Therefore, future studies on the maladaptive relationship
among peripheral metabolic changes and brain functions are needed in human cohorts
of AN patients to provide further insights and develop targeted and symptom-specific
treatments [97].
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