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The 3xTg-AD mouse model is widely used to study the pathomechanisms of Alzheimer’s disease (AD) and to test
potential therapies. During food-motivated cognitive tasks, however, increased food-directed behavior was
observed in these animals, raising the possibility that metabolic factors may influence task performance. This
prompted us to investigate the metabolic background of AD, with a focus on the hypothalamic-pituitary-thyroid
(HPT) axis. Testing of food-motivated behavior (single pellet reaching, radial arm maze, staircase, and operant
conditioning tests) started at 6 months of age in male mice and confirmed increased motivation for food in 3xTg-
AD animals. The molecular background was examined at 8 months of age. Separate cohorts of 4- and 8-month-
old male mice underwent metabolic measurements. Transgenic mice showed increased food and water intake,
reduced fat mass, elevated lean mass, and a stable respiratory exchange ratio (RER), in contrast to the age-related
decline in RER observed in controls. Free T4 levels were higher in 3xTg-AD than control animals, and molecular
profiling revealed elevated thyrotropin-releasing hormone (TRH) and thyroid hormone-activating deiodinases
DIO1 and DIO2 mRNA, alongside reduced expression of the thyroid hormone receptor beta 2 (THRB2) in the
paraventricular nucleus (PVN) and pituitary. Expression levels of key appetite-regulating neuropeptides,
including pro-opiomelanocortin (POMC), neuropeptide Y (NPY), cocaine- and amphetamine-regulated transcript
(CART), and agouti-related peptide (AgRP) were significantly lower in 3xTg-AD mice. These findings indicate
early alterations in energy homeostasis and HPT axis-related signaling in 3xTg-AD mice that may be associated
with increased food-seeking behavior. Our data provide evidence for metabolic and neuroendocrine changes that
accompany the behavioral phenotype of this model.

1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia,
characterized by progressive cognitive decline, accumulation of
amyloid-beta (Ap) plaques, and neurofibrillary tangles (Bowirrat, 2022;
Brier et al., 2016). As its prevalence is expected to rise, AD remains a
major public health challenge, while disease-modifying therapies are
still lacking (Hardy and Selkoe, 2002; Holtzman et al., 2011; Livingston
et al., 2020). Among preclinical models, the 3xTg-AD mice harboring
mutated human amyloid precursor protein (APP), presenilin-1 (PS1),
and tau transgenes have proven valuable for studying AD

pathophysiology and therapeutic strategies (Oddo et al., 2003;
Spires-Jones and Hyman, 2014).

Beyond classical neuropathological features, increasing evidence
indicates that AD is associated with metabolic dysregulation and endo-
crine alterations (Arnold et al., 2018; Craft, 2009; Procaccini et al.,
2016), leading some authors to refer to it as Type 3 diabetes mellitus
(T3DM) (Liu et al., 2022; Michailidis et al., 2022). Among endocrine
pathways, the hypothalamic-pituitary-thyroid (HPT) axis has attracted
attention due to its central role in thyroid hormone (TH) homeostasis,
metabolism, and energy expenditure (Bavarsad et al., 2019; Fekete and
Lechan, 2014; Ge et al., 2021; Mullur et al., 2014). The HPT axis
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comprises hypophysiotropic thyrotropin-releasing hormone
(TRH)-producing neurons in the paraventricular nucleus of the hypo-
thalamus (PVN), pituitary thyrotrophs, and the thyroid gland, which
together regulate the production of triiodothyronine (T3) and thyroxine
(T4) (Bavarsad et al., 2019; Fekete and Lechan, 2014; Ge et al., 2021;
Mullur et al., 2014). Negative feedback regulation requires intact
mechanisms of TH transport, metabolism, and signaling (Fekete and
Lechan, 2014). Although the thyroid primarily secretes T4, this pro-
hormone must be converted to T3 to exert cellular effects via nuclear TH
receptors (Bianco and Kim, 2006; Stepien and Huttner, 2019). In the
hypothalamus, this conversion is mediated by type 2 deiodinase (DIO2),
which is expressed in tanycytes (Mohacsik et al., 2011), suggesting that
these cells contribute importantly to the regulation of the HPT axis.

Growing evidence links HPT axis alterations to cognitive impair-
ment, neuroinflammation, and AP pathology in AD models (Chamas
et al., 2022; Fu et al., 2010; Maglione et al., 2022; O'Barr et al., 2006;
Ren et al., 2023). The relationship between AD and the HPT axis appears
bidirectional: neurodegenerative processes may influence HPT secretion
and metabolism (AlAnazi et al., 2023a), while THs regulate neuronal
integrity, synaptic plasticity, and cognitive function (Vancamp et al.,
2020). Both hypo- and hyperthyroidism have been associated with AD
pathology (AlAnazi et al., 2023b; Joy Mathew et al., 2020), and
tissue-specific TH fluctuations may further complicate this relationship
(Little, 2018). Notably, increased energy expenditure (EE) has been re-
ported in 3xTg-AD mice, indicating altered metabolic regulation
(Alveal-Mellado et al., 2022).

The medial basal hypothalamus (MBH) is a key integrative center for
peripheral metabolic signals and central energy regulation
(Nampoothiri et al., 2022). Tanycytes within the MBH modulate HPT
axis output (Muller-Fielitz et al., 2017), while neurons in its arcuate
nucleus (ARC), including those producing proopiomelanocortin
(POMC), cocaine- and amphetamine-regulated transcript (CART), neu-
ropeptide Y (NPY), and agouti-related peptide (AgRP), influence food
intake and energy balance (Waterson and Horvath, 2015). Dysregula-
tion of these molecules has been linked to metabolic disorders, including
obesity and insulin resistance (Parton et al., 2007; Schur et al., 2015;
Thaler et al., 2012). Beyond the MBH, the melanin-concentrating hor-
mone (MCH), primarily produced in the lateral hypothalamus, also plays
a crucial role in energy homeostasis and appetite regulation (Saito et al.,
2001), processes often disrupted in depression (Vas et al., 2023). MCH
administration improved memory in the APP/PS1 mouse model and was
associated with AD-related sleep disturbances (Calafate et al., 2023).
Collectively, emerging evidence suggests a potential link between MBH
dysfunction and AD, with impaired nutrient sensing and disturbed en-
ergy homeostasis hypothesized to contribute to AD pathogenesis
(Arrieta-Cruz et al., 2015; Benzler et al., 2012; Ishii and Iadecola, 2015;
Janoutova et al., 2022; Li et al., 2022; Rojas-Carranza et al., 2018; Yagita
et al.,, 2024). Additionally, peripheral disturbances in energy meta-
bolism and insulin signaling pathways further reinforce metabolism—-AD
connection (Craft, 2012; Poddar et al., 2021; Talbot et al., 2012).

As part of our ongoing efforts to characterize cognitive dysfunction
in AD, we subjected 3xTg-AD mice to a series of behavioral tests,
including tasks driven by food rewards. Instead of the expected cogni-
tive deficits, these mice exhibited enhanced performance and increased
motivation in food-driven tasks. This observation prompted us to
investigate whether metabolic factors and altered energy homeostasis
may be associated with this behavioral phenotype, with particular focus
on the HPT axis and its potential role in the altered energy balance
observed in 3xTg-AD mice.

2. Methods
2.1. Animals

Triple transgenic AD (3xTg-AD, #034830-JAX (Oddo et al., 2003))
and control (C57BL/6 J) male mice were obtained from the local
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colonies of the Institute of Experimental Medicine, Budapest. The
characteristic histological hallmarks are known to appear around 6
months of age, so experiments were initiated at this time point. Based on
preliminary observations, food-motivated behavior appeared to increase
between 6 and 8 months of age; therefore, animals at 4 and 8 months of
age were compared to investigate this systematically. The sample size
was determined based on previous publications with maximum
consideration of ethical concerns. Adult mice were housed in groups of
3-5in Macrolon cages (40 x25 x 26 cm) under a reversed 12 h light-dark
cycle (lights on at 8 p.m., 21 + 1°C, 50-60% humidity), with food
(standard mice chow, Charles River, Hungary) and water available ad
libitum unless otherwise indicated. To enhance motivation to collect
pellets (Dustless Precision Pellets® Rodent, Purified, 45 mg, Bio-Serv,
#F0021-J; nutritionally complete purified pellets composed primarily
of sucrose and dextrose, containing casein and corn oil; 3.6 kcal/g)
during food-motivated tests, mice were maintained on a restricted
feeding regimen. Food was withdrawn 72 h before the start of behav-
ioral testing. During the first 24 h, food was completely withheld, after
which body weight was measured and mice received an initial ration of
2.5 g of food per animal per day. Subsequently, daily food rations were
individually adjusted based on body weight measurements to maintain
body weight at 80-90% of baseline. Body weight and food intake were
monitored daily, and dietary restriction was maintained throughout the
behavioral testing period. Food restriction was applied identically across
genotypes.

All tests were approved by the Animal Welfare Committee of the
Hun-Ren Institute of Experimental Medicine and National Scientific
Ethical Committee on Animal Experimentation of Hungary (PE/EA/
918-7/2019) and were performed according to the guidelines for the
care and use of laboratory animals (2010/63/EU). The authors complied
with the ARRIVE guidelines.

2.2. Behavioral testing

Behavioral tests were performed during the dark phase under red
light or semi-darkness and recorded with ceiling cameras (Samsung SNB
7000). They were transferred to the experimental room 1-hour before
the test for adaptation.Video recordings were analyzed post-experiment
using Noldus EthoVision (Noldus, Wageningen, the Netherlands) or
manually with Solomon Coder (https://solomoncoder.com/) by an
experimenter blinded to the groups. Each test apparatus was thoroughly
cleaned with 20% ethanol between animals.

Fig. 1 details the experimental design. The order of the tests, days
between tests as well as the number of animals per group are indicated.

2.2.1. Single pellet reaching test (SPR, Cohort 1)

Mice were tested in a three-lane single pellet retrieval box con-
structed of clear Plexiglas with each lane consisting of 5 mm slots
positioned against the front-right wall (Fig. 1). On the first day pellets
were put inside the box close to the lanes, on the next day in the lane,
while for the next 5 days outside, 5 mm from the lane (Kwakowsky et al.,
2016). The mouse had to reach through the 3 mm slot to retrieve the
pellet. The mouse could collect a maximum of 15 pellets (specifications
see earlier) per day for 15 min. If the 15 pellets were successfully
collected, the experiment was terminated. Pellets successfully retrieved
into the lane during the experiment were counted. The videos of the last
day were analyzed with Solomon Coder, from which the time spent
feeding (s) was extracted.

2.2.2. Radial arm maze (RAM, Cohort 1)

Mice were placed in the well-defined central region of the eight-
armed maze (each arm was 25 cm long, 7.5 cm wide, and 6 cm tall;
the central area had a diameter of 20 cm) for 10 min (Fig. 1) and were
allowed to freely explore the apparatus and collect pellet rewards (for
pellet specifications, see earlier). The habituation phase lasted 2 days.
On the first day, mice were placed in the empty maze for free
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Fig. 1. Experimental design, Cohort 1. Six-month-old male mice (n = 10/group) underwent nearly two months of training in various locomotor and food-motivated

learning tests (radial arm maze, single pellet retrieval, staircase) under a restricted di:

et. Animals were sacrificed one week after the completion of behavioral testing,

referred to as the trained group. Blood glucose levels were measured immediately after decapitation, while serum, muscle, and brain samples were collected and later

analyzed using ELISA, qPCR, and Western blot techniques. Cohort 2. The cognitiv

e abilities of six-month-old male mice (n = 8/group) were assessed in a food-

motivated test. A habituation phase on the first day preceded the classical operant conditioning test, followed by a five-day learning phase. Cohorts 3. and 4.,
The body composition of male mice (4-month-old: n = 10/group; 8-month-old: n = 5-7/group) was determined using EchoMRI. The animals were then transferred to
PhenoMaster metabolic cages, where metabolic parameters - including food and water consumption, respiratory exchange ratio (RER), and energy expenditure (EE) -

were recorded.

exploration. On the second day, one food pellet was placed at the end of
each arm (Xiong et al., 2014). The learning phase lasted for 5 consec-
utive days, during which the same three arms were baited with pellets.
On “probe” day (day 8), no pellets were placed in the maze, and mice
were allowed to explore freely for 5 min. We focused on the number of
collected rewards during the learning phase, and on the preference for
previously rewarded arms during the probe trial, calculated as follows:

correct arm visits
correct arm Vvisits + incorrect arm visits
*100.

rewarded arm preference (%) =

2.2.3. Staircase test (Cohort 1)

We used an apparatus specifically validated for mice (Baird et al.,
2001), which consisted of a wider start compartment leading into a
narrow corridor (Fig. 1). A central plinth extends the full length of the
corridor, with a narrow trough on either side that accommodates a
removable double staircase. This staircase features eight steps on each
side, each step having a recess where reward pellets are placed. On the
first day of the test, pellets were also placed on the central plinth to
familiarize the mice with the reward locations. For the subsequent 5
days mice were restricted to collecting pellets solely from the steps of the
staircase. Each mouse was given 15 min per session to collect the pellets
using both forepaws. The number of consumed pellets was counted,
from which a learning curve was obtained. Feeding (duration) was
analyzed manually with Solomon coder from videos of all 6 days.

2.2.4. Operant conditioning test (OCT, Cohort 2)

The test was performed in an automated operant chamber (Med
Associates, St. Albans, VT, USA) with two nose poke holes (Fig. 1)
(Farkas et al., 2022). As a reward food pellets were used (for pellet
specifications, see earlier). Animals were placed inside the test chamber
for 30 min to freely explore the environment. A nose poke into one of the
nose poke holes was immediately associated with a reward provided in
the food magazine next to the nose poke hole and followed by a 25 s
time-out with the chamber light switched on (time-out period). The
other nose poke hole was not baited (incorrect answer). During the
time-out period, nose pokes were not rewarded but were registered. The
test was divided into two phases: habituation (day 1) and learning (day
2-5), and data only from the learning phase are shown. Reward pref-
erence (RP) (ratio of responses on the rewarded nose hole) was calcu-
lated. The number of rewarded responses and time-out reward hole nose
pokes were also recorded.

correct nose poke
correct nose poke + incorrect nose poke
* 100

reward preference(%)

2.3. Metabolic measurements

Before measurement, mice were individually acclimatized to the test
situation for 3 days using training boxes. The 4- and 8-month-old mice
were tested separately.
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2.3.1. Magnetic Resonance Imaging (MRI, Cohort 3 and 4)

The complex body composition was measured by EchoMRI-700 (700
Whole Body Composition Analyzer; E26-233RM, Echo Medical Systems,
Houston, TX, USA). This Magnetic Resonance Analyzer allows very
quick and precise analysis of body composition without the need of
sedation or anesthesia. During the scanning mice were placed in a
specially sized, clear plastic holder. The system determined the total
body fat content, the lean body mass and the free and total water content
of the animals (Farkas et al., 2022). To assess tissue hydration, the hy-
dration ratio was calculated using the following formula:

total water — free water .

100
lean

hydration ratio =

which reflects the proportion of intracellular water relative to lean body
mass (Farkas et al., 2022).

2.3.2. TSE PhenoMaster Metabolism Unit (Cohort 3 and 4)

After acclimatization to training boxes and EchoMRI measurements,
mice were transferred to metabolic (indirect calorimetry) cages. In the
Phenomaster Metabolic Phenotyping system (TSE Systems GmbH, Ber-
lin, Germany), metabolic parameters including food and water intake,
oxygen consumption (VO3) and carbon dioxide production (VCO5) were
measured continuously for 24 h. Data were automatically collected
every 9 min (Kuti et al., 2022) and averaged in 3 h bins. In addition,
dark and light phases were analyzed separately. The respiratory ex-
change ratio (RER) was calculated as the ratio of VCO3 to VOo.

The system calculates gas exchange variables according to the
following equations:

VO, = Flow(mL) x (V3 + V3) / (NaRef x 100.0)
VCO3 = Flow(mL) x dCO2 / 100.0

Heat production (H) was calculated from VO2 and VCO: using the
equation:

H = (CVO3 x VO, + CVCO, x VCOy) / 1000

where H is expressed in kcal/h. For conversion to watts (W), H values
were multiplied by 1.16306.

Energy expenditure (EE) was calculated by normalizing heat pro-
duction to lean body mass derived from EchoMRI measurements:

EE = H (kcal/h) / lean mass (kg)

and expressed as kcal/h/kg lean mass.

In the formulas above, Flow refers to the airflow rate through the
metabolic chamber; Vi and V2 represent measured oxygen fractions
before and after the chamber; N2Ref is a reference value used for ni-
trogen balance calibration; dCO, is the difference in CO2 concentration
between inlet and outlet air; and CVO, and CVCO, are caloric coefficients
for oxygen and carbon dioxide provided by the manufacturer.

2.4. Blood and serum parameters (Cohort 1)

The staircase test was the last behavioral assay and was conducted
under dietary restriction. One week after completion of behavioral
testing, animals had returned to ad libitum feeding and were fasted for
2h prior to decapitation and blood collection. The samples were
centrifuged at 4°C, 2500 g for 30 min and serum was collected in
Eppendorf tubes and stored at —20°C until used.

2.4.1. Blood glucose level

Blood glucose level (mmol/L) was determined from one drop of
whole blood during decapitation, measured by multiCarein (BSI
Biochemical Systems International, Arezzo, Italy, #I 00078284) equip-
ment with appropriate sticks (Carper et al., 2020; Kennard et al., 2022;
Rao et al., 2022).
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2.4.2. Engyme-linked immunosorbent assay (ELISA)

For determination of serum free T4 (fT4) and free T3 (fT3) levels,
AccuLite ELISA fT3 and fT4 CLIA kits (Monobind Inc., Lake Forest, CA
USA, #1275-300) were used according to the manufacturer’s protocol
using iMARK™ Microplate Absorbance Reader (Bio-Rad Hungary Ltd.,
Budapest, Hungary). Duplicates of the samples and 6 standards of
known concentration were measured on 96-well plates. Serum free T3
and free T4 concentrations were calculated from standard curves and
reported as absolute values (ng/dL). Concentrations were determined in
ng/dL.

2.5. Analysis at mRNA levels (Cohort 1.)

Following behavioral testing and subsequent serum collection (see
2.4), the same cohort of 8-month-old animals was sacrificed. Brains and
pituitary glands were rapidly dissected, snap-frozen on dry ice, and
stored at —80 °C until further molecular analyses.

2.5.1. Real-Time PCR

The PVN and MBH were dissected using a micro-punch technique.
Total RNA was extracted from these parts of the brain using RNeasy Mini
Kit (QIAGEN, Hilden, Germany, #74106).

Reverse transcription of the RNA samples was done by High-Capacity
RNA-to-cDNA™ Kit (Thermo Fisher Scientific, Waltham, MA, USA,
#4387406). Total RNA purity and quantity were assessed using a
NanoPhotometer NP80 (IMPLEN GmbH, Miinchen, Germany). Sensi-
FAST SYBR Lo-ROX Kit (Izinta Trade Ltd., Budapest, Hungary, # BIO-
94005) was used for qPCR. Quantitative PCR was performed in an
Applied Biosystems QuantStudio 5 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Quantification reactions were
performed in duplicate for each sample using the ‘delta-delta Ct’
method, normalized to the average of the control group data, and line-
arized by 224Ct (Schmittgen and Livak, 2008). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was chosen as a reference
(housekeeping) gene (Song et al., 2012). Although some inter-sample
variability was observed, GAPDH Ct values showed no systematic dif-
ferences related to experimental groups or tissues, supporting its suit-
ability as a reference gene under the applied experimental conditions.
Primers used for qPCR are listed in Supplementary Table 1. Primers were
designed using Primer-BLAST (NCBI) and were acquired from the
Bio-Science Kft (Budapest, Hungary).

2.5.1.1. Statistical analysis. Data are presented as means + SEM and
were analyzed by GraphPad Prism (version 6.0) using two-way ANOVA,
repeated measures ANOVA or mixed-effects analysis followed by Tukey
HSD or Sidak post hoc tests. For pairwise comparisons, Student’s t-test
was applied. Normality was assessed using the Shapiro-Wilk test, and
homogeneity of variances was tested with Levene’s test. Neither test
indicated significant violations of the assumptions (p > 0.05). To reveal
interactions, non-parametric Spearman’s correlation analysis was used.
No animals or data were excluded from the analysis. Statistical signifi-
cance as set at p < 0.05. Figures indicate post hoc comparison results,
while main ANOVA effects are presented in the Supplementary
Tables 2-5.

Figures were created using BioRender (https://biorender.com/),
Adobe Affinity Design Software (version 1.10.5, Serif Ltd.), and Vec-
tornator Designer Software (https://www.vectornator.io/).

3. Results
3.1. Food-Motivated Behavioral Tests
During the SPR test, both groups learned the task over the 7-day

testing period (Fig. 2A, Suppl. Table 2). However, 3xTg-AD mice
collected significantly more rewards compared with controls. On the
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Fig. 2. Food-Motivated Behavioral Tests The first cohort underwent three food-motivated tests consequtively: the single pellet reaching (SPR) test, the radial arm
maze (RAM) test, and the staircase test. A-B: In the SPR test, transgenic mice exhibited a steeper learning curve and collected more rewards over the 7-day period
than controls (genotype: p = 0.014, time: p < 0.001, genotype x time: p = 0.007). On the final testing day, they spent significantly more time feeding than the
control group. C-D: In the RAM test, transgenic mice consistently collected all available pellets, whereas control mice did not (genotype: p = 0.008, time: p = 0.001,
genotype x time: p < 0.001). On the last probe day, when no food was present in the arms, both groups visited the corresponding arms at similar rates (genotype:
p = 0.403). E-F: In the staircase test, 3xTg-AD mice exhibited a higher pellet collection rate throughout the test (genotype: p = 0.001, time: p = 0.001, genotype x
time: p = 0.59) and spent significantly more time feeding than control mice (genotype: p = 0.047, time: p < 0.001, genotype x time: p < 0.001). The second cohort
underwent operant conditioning testing. G-H: During the operant conditioning test, total responses increased in both genotypes over the learning days (genotype:
p = 0.348, time: p = 0.006, genotype x time: p = 0.069). However, transgenic mice showed a steeper increase in reward preference (genotype: p < 0.001, time:

p = 0.206, genotype x time: p = 0.213).

final day, the time spent feeding was also assessed, revealing that
transgenic mice spent significantly more time feeding than control an-
imals (Fig. 2B).

In the RAM test, transgenic mice consistently collected all available
pellets within the 10 min session across the 6 testing days, whereas the
control mice did not (Fig. 2C, Suppl. Table 2). During the probe trial,
when no pellets were present, both groups visited the previously baited
arms with comparable frequency (Fig. 2D), indicating no detectable

genotype difference in spatial memory retention under these conditions.

A similar pattern was observed in the staircase test (Fig. 2E, F; Suppl.
Table 2). Both groups progressively increased the number of collected
rewards over time. However, 3xTg-AD mice consistently retrieved more
pellets and spent more time feeding than controls. Transgenic mice
reached peak performance earlier, whereas control mice showed a more
gradual improvement across training days. A transient decrease in per-
formance after day 1 was observed in both groups, likely reflecting the
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change in pellet placement from the platform and stairs to the stairs only
(Fig. 2E, F).

During the 5-day learning phase of the OCT, the total number of
responses increased over time in both genotypes without significant
genotype effect (Fig. 2G, Suppl. Table 2). Reward preference increased
across training days and was significantly higher in 3xTg-AD mice
compared with controls (Fig. 2H).

3.2. Changes in body composition measured by MRI and metabolic
parameters in the TSE PhenoMaster system

Body weight increased with age without significant genotype dif-
ferences (Fig. 3A; Suppl. Table 3 A). At 4 months, no differences were
observed in body composition. However, at 8 months, genotypic dif-
ferences became apparent. Although fat mass increased with age in both
groups, 8-month-old 3xTg-AD mice exhibited lower fat mass and higher
lean mass compared with controls (Fig. 3B, C; Suppl. Table 3 A). The
hydration ratio also increased with age, with no significant genotype
effect (Fig. 3D; Suppl. Table 3 A).

Metabolic activity assessed in the PhenoMaster system displayed a
clear diurnal rhythm in both genotypes (Fig. 3E-H; Suppl. Table 3B,C).
Food and water intake were higher during the dark phase, accompanied
by increased RER and EE. Significant age- and genotype-related effects
were detected for food and water intake as well as for RER. These dif-
ferences were most pronounced at 8 months, when 3xTg-AD mice
consumed significantly more food (Fig. 3E, I) and water (Fig. 3F, J) over
the 24-h period compared with age-matched controls. While RER values
in 8-month-old transgenic mice remained similar to those observed in
younger animals, a decrease in RER was observed in 8-month-old con-
trols (Fig. 3G). In contrast, EE did not differ significantly between ge-
notypes (Fig. 3H).

Spearman rank correlations were performed to reveal associations
between intake and body composition (Suppl. Table 3D). In 4-month-old
controls, lean mass was positively associated with both food (r = 0.782,
p =0.011) and water intake (r =0.830, p = 0.005). In contrast, 4-
month-old 3xTg-AD mice lacked these positive associations and
instead showed a negative correlation between water intake and lean
mass (r = —0.697, p = 0.031). No significant intake—composition asso-
ciations were detected in 8-month-old 3xTg-AD mice.

3.3. Blood Biochemical Parameters

One week after completion of the behavioral testing, during which
mice had returned to ad libitum feeding, no significant genotypic dif-
ferences in body weight were observed in Cohort 1 (8-month-old ani-
mals) (Fig. 4A). Following a 2-h fasting period, blood glucose levels were
significantly lower in 3xTg-AD mice compared with controls (Fig. 4B;
Suppl. Table 4.).

3.4. Characterization of the HPT Axis in 3xTg-AD Mice

Serum fT4 levels were significantly higher in 3xTg-AD mice
compared with controls, whereas no significant difference was observed
in fT3 levels (Fig. 4C,D; Suppl. Table 5). Accordingly, the fT3/fT4 ratio
was significantly lower in transgenic animals (Fig. 4E).

In the PVN, TRH mRNA expression was significantly increased,
whereas TH receptor p2 (TRP2) mRNA expression was significantly
reduced in 3xTg-AD mice compared with controls (Fig. 4F,G; Suppl.
Table 5). In the pituitary gland, thyroid-stimulating hormone p subunit
(TSHPB) mRNA expression did not differ between genotypes, whereas
TRP2 receptor mRNA expression was significantly lower in transgenic
mice (Fig. 4H, I).

In the MBH, TSH mRNA expression was significantly lower in
transgenic mice compared with controls (Fig. 5D; Suppl. Table 5.). In
addition, monocarboxylate transporter 8 (MCT8) mRNA expression was
significantly reduced in the MBH of 3xTg-AD mice (Fig. 5E; Suppl.
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Table 5).

Regarding deiodinase enzymes, pituitary mRNA levels of the acti-
vating enzymes DIO1 and DIO2 were significantly increased in 3xTg-AD
mice (Fig. 4E; Suppl. Table 5.), whereas in the MBH, DIO2 mRNA
expression was significantly decreased compared with controls (Fig. 5F;
Suppl. Table 5). No significant genotype-related differences were
detected for the inactivating enzyme DIO3 in either the pituitary or the
MBH.

Spearman correlation analysis revealed distinct associations among
HPT axis-related parameters in control and 3xTg-AD mice (Suppl.
Table 6). In controls, serum fT3 levels were negatively correlated with
MBH DIO1 expression (r =-0.886, p =0.033), whereas serum fT4
levels were positively correlated with MBH DIO2 expression (r = 0.821,
p = 0.034). Hypothalamic TRH expression showed negative associa-
tions with PVN TRB2 expression (r =-0.829, p = 0.058) and positive
associations with pituitary TRB2 expression (r = 0.829, p = 0.058). Pi-
tuitary DIO2 and DIO3 expression were negatively correlated with each
other (r =-0.829, p = 0.058). MBH MCT8 expression was positively
correlated with PVN TRp2 expression (r = 0.943, p = 0.017).

In the 3xTg-AD mice, pituitary DIO2 expression was positively
correlated with pituitary TRB2 expression (r = 0.886, p = 0.033). MBH
MCT8 expression showed a negative association with pituitary TRB2
expression (r = -0.886, p = 0.033) and a positive association with MBH
DIO2 expression (r = 0.943, p = 0.017).

3.5. Food Intake Regulatory Peptides in the MBH

The mRNA expression levels of all examined food intake regulatory
peptides (POMC, CART, NPY, and AgRP) were significantly lower in
3xTg-AD mice compared with controls (Fig. 6A-D; Suppl. Table 5.). The
melanin-concentrating hormone receptor (MCHR), another key player
in regulating food intake, showed no difference at mRNA expression
levels between the two groups (Fig. 6E; Suppl. Table 5.).

Considering the strong interactions between the ARC's orexigenic
and anorexigenic outputs and the HPT axis (Kouidhi and
Clerget-Froidevaux, 2018), we examined the correlation between TRH
mRNA levels and the measured peptides using Spearman correlation
analysis (Suppl. Table 7.). A significant correlation was found only be-
tween PVN TRH and AgRP mRNA levels in 3xTg-AD mice (r = 1.000,
p = 0.003). These findings suggest that mRNA expression levels alone
may not fully capture the complexity of the regulatory mechanisms
governing hypophysiotropic TRH neurons, or alternatively, that the
observed alterations in the HPT axis are not primarily mediated by
ARC-PVN interactions.

4. Discussion

Our results indicate that 3xTg-AD model mice exhibit an exaggerated
motivation for food intake, which could lead to potential mis-
interpretations of cognitive tests. The increased food drive of the 3xTg-
AD mice develops over time and might be associated rather with alter-
ations in HPT axis signaling than with an enhanced orexigenic drive at
the mRNA level in the MBH (see Fig. 7).

Food-motivated behavioral tests are not widely used in AD mouse
models, resulting in limited comparable experimental data in the liter-
ature. Given the early and prominent involvement of medial temporal
lobe structures - such as the hippocampus and entorhinal cortex - in AD
pathology, spatial learning tasks remain essential (O'Keefe et al., 1998;
Raskin et al., 2015; Scahill et al., 2002). The Morris Water Maze (MWM)
is the most frequently employed test in AD research (Clinton et al., 2007;
Halagappa et al., 2007; Yang et al., 2018). However, emerging evidence
suggests that escape-based tasks can induce stress responses via activa-
tion of the hypothalamic-pituitary-adrenocortical axis, leading to
elevated corticosterone levels and impairments in synaptic plasticity
and memory consolidation (Clinton et al., 2007; Kim and Kim, 2023;
Moreira et al., 2016; Yau and Seckl, 2012). Indeed, chronic stress has
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Fig. 3. Body Composition and Metabolic Parameters of 4- and 8-Month-Old Mice, A-D: Body composition measured by EchoMRI. A: Body weight increased with age
in both genotypes, without significant genotype-related differences (age: p < 0.001, genotype: p = 0.242, genotype x age: p = 0.707). B: Body fat percentage
increased with age in both genotypes. However, the increase was less pronounced in transgenic mice, resulting in a significantly lower body fat mass in 8-month-old
3xTg-AD mice compared with controls (age: p < 0.001, genotype: p = 0.002, genotype x age: p < 0.001). C: A significant genotype effect was observed in lean mass,
with 8-month-old 3xTg-AD mice exhibiting higher lean mass compared with age-matched controls (genotype: p = 0.005, age: p = 0.658, genotype x age:
p = 0.118). D: Hydration ratio increased with age, without significant genotype effect (age: p = 0.049, genotype: p = 0.054, genotype x age: p = 0.401). E-J:
Metabolic Parameters measured in the PhenoMaster System (Calorimetry Cage), E-H: The 3-h resolution. Food and water intake, respiratory exchange ratio (RER),
and energy expenditure (EE) displayed significant time effects reflecting circadian rhythmicity (time p < 0.001 for all parameters). Significant genotype and age
effects were detected for food intake, water intake, and RER (food intake: age p = 0.001, genotype p < 0.001, age x genotype p = 0.009; water intake: age
p = 0.033, genotype p = 0.001, age x genotype p = 0.005; RER: age p < 0.001, genotype p = 0.021, age x genotype p = 0.003). H: No significant genotype effect
was observed for EE (age: p = 0.089, genotype: p = 0.379, age x genotype: p = 0.907). I-J: Cumulative 24-hour food and water intake. 8-month-old 3xTg-AD mice
consumed significantly more food and water than age-matched controls. Control mice exhibited lower food and water intake at 8 months compared with 4 months
(food intake: genotype p < 0.001, age p = 0.001, genotype x age p = 0.009; water intake: genotype p = 0.003, age p = 0.005, genotype x age p = 0.010).
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Fig. 4. Key Components of the HPT Axis in Cohort 1 Mice, A: No significant difference in body weight was observed between 8-month-old control and transgenic
mice (genotype: p = 0.412). B: Blood glucose levels were significantly lower in transgenic mice compared with controls following a standardized 2-h fasting period
after animals had returned to ad libitum feeding (genotype: p < 0.001). C-E: Serum hormone levels measured by ELISA. Serum fT4 levels were significantly higher in
3xTg-AD mice (genotype: p = 0.03), whereas no significant difference was detected in fT3 levels (genotype: p = 0.583). The fT3/fT4 ratio was significantly lower in
transgenic mice than in controls (genotype: p = 0.018). F-G: PVN, measured by qPCR. TRH mRNA expression was significantly higher in transgenic mice (genotype:
p < 0.001), whereas TRB2 receptor mRNA expression was significantly lower (genotype: p = 0.027) in comparison with controls. H-I: Pituitary gland, measured by
qPCR. TSHP mRNA expression did not differ between genotypes (genotype: p = 0.277), whereas TRp2 receptor mRNA expression was significantly reduced in
transgenic mice (genotype: p < 0.001). J: Schematic overview of the HPT axis and its feedback regulation. The hypothalamus produces TRH, which stimulates
pituitary TSH secretion. TSH promotes the release of fT4 and fT3 from the thyroid gland, which in turn exert negative feedback at hypothalamic and pituitary levels.
Abbreviations: fT3: free triiodothyronine, fT4: free thyroxine, PVN: paraventricular nucleus of the hypothalamus, TRH: thyrotropin-releasing hormone, TSHp:
thyroid-stimulating hormone beta subunit, TRp2: thyroid hormone receptor beta 2.

been shown to exacerbate AD-related pathology by disrupting hippo- increased food motivation can interfere with the interpretation of spatial
campal function (Carroll et al., 2011; Clement et al., 2022; Rong et al., learning tasks, emphasizing the importance of diversifying cognitive
2024). Thus, alternative approaches, such as food-reward-based assessments in AD research (Fertan et al., 2019; Varkonyi et al., 2022).
learning paradigms, may be advantageous. However, we observed that Our behavioral test results were supported by data obtained from
3xTg-AD transgenic mice performed better when required to work for metabolic cage measurements. Both control and transgenic animals

food (Fig. 2). Specifically, in the RAM test, 3xTg-AD mice consumed all showed significant increases in body weight and body fat percentage
pellets already on the first testing day (Fig. 2C). The lack of preference of with advancing age (Figs. 3A, B, 4-month vs. 8-month mice), as expected
a previously baited arm during the probe trial suggests that transgenic (Marshall et al., 2024; Yang et al., 2014). No genotype-related differ-
mice were driven primarily by food incentive rather than by true spatial ences were detected in body composition in the younger, 4-month-old
learning (Fig. 2D). Similar observations in the literature indicate that mice; however, significant differences emerged at 8 months of age
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Fig. 5. mRNA Expression Levels of Components of the Deiodinase System, A-C: Pituitary Gland, measured by qPCR. mRNA expression levels of DIO1 (genotype:
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through DIO1 and DIO2. Abbreviations: DIO1: types of deiodinases 1, DIO2: types of deiodinases 2, DIO3: types of deiodinases 3, MCT8: monocarboxylate transporter

8, T3: triiodothyronine, T4: thyroxine, TSHf: thyrotropin-stimulating hormone.

(Fig. 3A-D). While body weight did not differ between genotypes, con-
trol mice exhibited a more pronouced increase in body fat (Fig. 3B),
whereas transgenic mice showed a greater increase in lean mass when
comparing 8-month-old animals to 4-month-old ones (Fig. 3C). These
findings align with previous studies that report alterations in body
composition and metabolic shifts in AD models, often involving redis-
tribution between body fat and lean mass (Farkas et al., 2022; Marshall
et al., 2024). The observed changes in body composition were also re-
flected in the RER data. As control mice aged, they exhibited a metabolic
shift toward greater fat utilization, consistent with their higher fat mass
(Fig. 3B), and supported by a decrease in RER (Fig. 3G) (Widmaier et al.,
2016). In contrast, the RER of 3xTg-AD mice (Fig. 3G) remained within

the carbohydrate oxidation range at both 4 and 8 months of age, indi-
cating altered substrate preference, a lack of the age-related shift toward
fat utilization, and reduced metabolic flexibility. This reduced metabolic
adaptability may be associated with the behavioral differences observed
in the transgenic mice, including their increased motivation for high
carbohydrate containing food reward. Although no significant differ-
ences in EE were detected between the four groups, 8-month-old
3xTg-AD mice exhibited significantly higher food intake than controls
(Fig. 3E, I). Increased feeding motivation and elevated food consump-
tion have previously been associated with impaired energy homeostasis
and cognitive decline (Fado et al., 2022; Xiong et al., 2022). Further-
more, the positive association between lean mass and food and water
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Fig. 6. mRNA expression of food intake regulatory genes in the mediobasal hypothalamus (MBH), measured by qPCR. A-D: The mRNA expression levels of CART
(genotype: p < 0.001), POMC (genotype: p = 0.001), AgRP (genotype: p < 0.001), and NPY (genotype: p < 0.001) were all significantly lower in 3xTg-AD mice
compared with controls. E: The mRNA expression level of the MCHR did not differ significantly between genotypes (genotype: p = 0.878). F: Schematic illustration of
arcuate nucleus (ARC)- PVN connectivity, showing orexigenic AGRP/NPY and anorexigenic POMC/CART neuronal populations within the mediobasal hypothalamus
(MBH) and their projections toward the PVN. Abbreviations: AgRP: agouti-related peptide, CART: cocaine and amphetamine-regulated transcript, MCHR: melanin-
concentrating hormone receptor, NPY: neuropeptide Y, POMC: proopiomelanocortin.

intake in our young control mice are consistent with reports demon-
strating a strong correlation between meal size, daily energy intake, and
fat-free mass, highlighting the higher energy demands of lean mass
compared with adipose tissue (Blundell et al., 2012; Ravussin et al.,
1986).

Our investigation into the HPT axis and MBH neuropeptides pro-
vided further insights into the neuroendocrine alterations associated
with AD pathology. The elevated serum fT4 levels observed in trans-
genic mice (Fig. 4C) may indicate altered thyroid hormone metabolism
despite unchanges fT3 levels. Similar elevations in fT4 without
concomitant changes in fT3 have been reported in a neurotoxic AD
mouse model (Ren et al., 2023), and clinical studies have likewise
described increased serum fT4 levels and a reduced fT3/fT4 ratio in AD
patients without diagnosed thyroid disease (Chaker et al., 2016; de Jong
et al., 2009). Such hormonal profiles have been interpreted as reflecting
reduced peripheral deiodination potentially linked to cognitive decline
and neurodegeneration (Quinlan et al., 2020). Notably, the combination
of elevated fT4 and unchanged fT3 does not correspond to a classical
hypothyroid state and may instead reflect a compensatory alteration in
thyroid hormone signaling. Consistent with this interpretation, the
absence of significant changes in EE in 3xTg-AD mice argues against a
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major thyroid hormone imbalance at the tissue level. Nevertheless, the
altered serum hormone profile may still reflect subtle systemic adapta-
tions associated with neurodegeneration processes (Accorroni et al.,
2017; Quinlan et al., 2019; Yong-Hong et al., 2013), underscoring the
need for further mechanistic investigation. In support, hypothyroidism
in adult rats has been shown to induce AD-like symptoms, including
spatial learning and memory deficits, reduced brain and hippocampal
volume, elevated AP peptide levels, excessive Tau protein phosphory-
lation, and increased pro-inflammatory cytokine production (Ambrogini
et al., 2005; Chaalal et al., 2014, 2019; Desouza et al., 2005; Fu et al.,
2010; Murakami et al., 2011). Importantly, hormone replacement
therapy effectively reverses the behavioural symptoms in this models.
Furthermore, in the 3xTg-AD mouse model used in the present study, T3
supplementation was reported to improve depression-like behavior
(Maglione et al., 2022). Clinical observations also support the notion
that TH therapy may improve cognition and emotional well-being of AD
patients (Bauer et al., 2008). While both peripheral and central
administration of T3 have shown beneficial effects on memory in animal
models of AD (Farbood et al., 2017), the clinical relevance of these
findings remains uncertain. The precise mechanisms by which THs in-
fluence AD development are not fully understood, however, previous
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wild-type controls. Behavioral tests were performed between 6 and 8 months of age. Metabolic and molecular analyses were conducted at 4 and 8 months. Transgenic
mice showed increased food and water intake, reduced fat mass, stable respiratory exchange ratio, and alterations in HPT axis signaling. Gene expression in the MBH
revealed reduced levels of both anorexigenic and orexigenic neuropeptides, which is consistent with the observed feeding behavior despite reduced homeostatic
drive. Abbreviations: 3xTg-AD: triple transgenic Alzheimer model mice, AgRP: agouti-related peptide, CART: cocaine and amphetamine-regulated transcript, DIO1:
types of deiodinases 1, DIO2: types of deiodinases 2, fT3: free triiodothyronine, fT4: free thyroxine, HPT: hypothalamic pituitary thyroid axis, MBH: mediobasal
hypothalamus, MCHR: melanin-concentrating hormone receptor, MCT8: monocarboxylate transporter 8, NPY: neuropeptide Y, POMC: proopiomelanocortin, PVN:
paraventricular nucleus of the hypothalamus, RER: respiratory exchange ratio, TR32: thyroid hormone receptor beta 2.
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studies suggests that THs inhibit the expression and processing of the
APP gene (O'Barr et al., 2006). This effect is mediated by interactions
between TRs and negative regulatory elements within the APP promoter
(Belandia et al., 1998; O'Barr et al., 2006). Supporting evidence includes
reduced TRo expression in the hippocampus of AD patients and
increased APP mRNA levels (O'Barr et al., 2006; Villa et al., 2004), as
well as elevated APP protein expression in mice lacking both TRal and
TR isoforms (Contreras-Jurado and Pascual, 2012), consistent with our
findings in the PVN and pituitary of 3xTg-AD mice.

Unexpectedly, elevated peripheral fT4 levels in transgenic mice were
accompanied by increased TRH mRNA expression in the PVN (Fig. 4C),
which is inconsistent with the expected negative feedback regulation of
the HPT axis (Fekete and Lechan, 2007). One possible explanation for
this apparent discrepancy is the concurrent downregulation of TRp2
mRNA in both the hypothalamus and pituitary (Fig. 4F, H), which may
reduce TH sensitivity at the central level (Yen, 2001). In addition,
altered tanycyte function within the MBH may contribute to this dys-
regulation (Muller-Fielitz et al., 2017). Notably, the pronounced
reduction in MBH TSHf mRNA, likely originating from the pars tuber-
alis, may impair the stimulation of tanycyte DIO2 expression, thereby
limiting local T3 availability and facilitating increased TRH synthesis.
The combined effect of diminished TSH signaling from the pars tuberalis
and reduced TRB2-mediated sensitivity may therefore contribute to the
paradoxical activation pattern observed within the HPT axis. These al-
terations were further accompanied by dysregulated expression of DIO
enzymes. Recent studies have linked the Thr92AlaDIO2 polymorphism
to neurodegeneration, potentially affecting A processing and mito-
chondrial function (Joshi and Wang, 2015; McAninch et al., 2015;
Querfurth and LaFerla, 2010). Beyond its effects on TH metabolism, this
mutation has been shown to impair Golgi trafficking of DIO2 and in-
duces cellular stress independently of its enzymatic activity, suggesting
additional, non-canonical mechanism contributing to neuronal
dysfunction. Notably, a knock-in mouse model carrying this variant
exhibited severe impairments in declarative and working memory,
which were rescued by short-term T3 treatment (Lorena et al., 2022),
indicating that insufficient intracellular T3 signaling may still play an
important role in the observed phenotype. Although increased DIO2
mRNA expression was detected in the pituitary of 3xTg-AD mice
(Fig. 5B), post-translational regulatory mechanisms such as ubiquitina-
tion complicate its interpretation and do not necessarily imply increased
enzymatic activity (Werneck de Castro et al., 2015). Furthermore,
reduced expression of the TH transporter MCT8 may impair intracellular
TH uptake (Friesema et al., 2003; Kinne et al., 2011), consistent with
previous observations in the hippocampus of 3xTg-AD mice (Maglione
et al., 2022).

Beyond the HPT axis, MBH gene expression analyses revealed a
general decrease in the expression of all measured food-intake regula-
tory genes in transgenic mice (Fig. 6), which may be associated with
altered regulation of feeding behavior. In the MBH, POMC is processed
into a-melanocyte-stimulating hormone (a-MSH), which suppresses
food intake via melanocortin-4 receptor (MC4R) signaling in the PVN.
Both MC4R and its ligand are involved in the regulation of metabolism
and cognition, and their dysfunction has been linked to obesity and
neurodegeneration (Anjum et al., 2018; Arnoldussen et al., 2014; Far-
ooqi et al., 2007; Flores-Dorantes et al., 2020; Hruby et al., 2016; Proulx
and Seeley, 2005). Notably, POMC overexpression or MC4R activation
restores synaptic function (Giuliani et al., 2014a, 2014b; Shen et al.,
2013, 2016), and MC4R agonists reduce Af accumulation and inflam-
mation, highlighting their therapeutic potential in AD (Lau et al., 2021).
Another anorexigenic peptide, CART also exhibits neuroprotective
properties by attenuating neuronal loss, synaptic deficits, and cognitive
decline in AD models (Jia et al., 2008; Wu et al., 2006; Xu et al., 2006).
CART has been detected near AB plaques in both AD patients and
APP/PS1 mice, and its administration improves cognitive performance
and synaptic ultrastructure (Jin et al., 2015). Moreover, CART modu-
lates Ap-degrading enzymes, potentially slowing disease progression
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(Jiao et al., 2018; Yin et al., 2017). In 5xFAD mice, hypothalamic POMC
and CART expression remains stable at six months of age but declines by
ten months, likely due to impaired insulin and leptin signaling (Ishii
et al., 2019, 2014; Lopez-Gambero et al., 2022, 2021). Among orexi-
genic factors, although cerebrospinal fluid levels of NPY may remain
stable, peripheral plasma concentrations often decline in AD patients
(Atack et al., 1988; Edvinsson et al., 1993; Heilig et al., 1995; Koide
et al.,, 1995; Sunderland et al., 1991). In animal models, findings are
inconsistent and appear model-dependent: increased NPY expression
has been reported in PDAPP and APP23 mice, whereas early hippo-
campal NPY decline has been observed in PS1XAPP mice (Diez et al.,
2003, 2000; Ramos et al., 2006). Although orexigenic peptides such as
NPY and AgRP are typically associated with increased food intake, their
reduced expression in our model does not necessarily contradict the
observed feeding phenotype. Notably, impaired AgRP neuron function
has been shown to enhance reward-driven, or “comfort” feeding through
stress- and dopamine-sensitive circuits, particularly in response to
palatable foods (Denis et al., 2015). In this context, the reduced
expression of orexigenic neuropeptides in the 3xTg-AD mice may be
consistent with an altered balance between homeostatic and
reward-related regulation of feeding, providing a plausible framework
for the paradoxical increase in food intake despite reduced hypotha-
lamic orexigenic signaling.

Overall, these findings underscore the importance of an integrative
approach combining behavioral, metabolic, and neuroendocrine ana-
lyses to better understand the complex interplay between AD pathology
and energy homeostasis. Disrupted HPT signaling, altered substrate
utilization, and imbalanced MBH neuropeptide expression may together
be associated with the altered feeding phenotype observed in 3xTg-AD
mice. The molecular changes identified here may provide a framework
for future studies aimed at improving selected AD-related symptoms.
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