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ARTICLE INFO ABSTRACT

Keywords: Obesity, a pandemic, worldwide afflicts almost one billion people. Obesity and ageing share several pathological
Cognitive decline pathways leading to neurological disorders. However, due to a lack of suitable animal models, the long-term
Neuroinflammation

effects of obesity on age-related disorders- cognitive impairment and dementia have not yet been thoroughly
investigated. Therefore, the current investigation focuses on developing a suitable model to explore the effects of
obese-ageing. It also aims to determine whether obesity affects cognitive abilities in an age-dependent manner,
and to identify a potential biomarker(s) for cognitive decline.

Cognitive tests were carried out on 6-months and 1-year-old melanocortin-4 receptor (Mc4r)-deficient-obese
and lean (wildtype) mice. Additionally, brains and sera were harvested for molecular, histological and sero-
logical analyses from 6, 12, and 24-months-old mice. Finally, RT-PCR was carried out after hippocampal mRNA
sequencing.

The cognitive tests revealed that 1-year-old obese mice have cognitive impairment along with underlying
neurodegenerative changes, such as enlarged lateral ventricles. Serum neurofilament light chain (sNfL) levels
were also elevated. Lipid accumulation and neuroinflammation were apparent besides, a compromised
blood-brain barrier (BBB) indicated by altered junction protein gene expression.

Differentially-expressed genes associated with cognitive decline were identified by mRNA sequencing of
hippocampi. One such gene, Secreted Phosphoprotein 1 (Sppl) had markedly increased expression in
cognitively-impaired obese mice.

Our findings present an obese-aged mouse model of cognitive decline with neuroinflammation, reduced BBB-
integrity and predisposing neurodegenerative changes.

Obese-ageing accelerates the progression of cognitive impairment. Furthermore, Sppl appears to be a po-
tential biomarker for early diagnosis of neuropathological disorders.

Obesity
Ageing

1. Introduction expectancy. As a result, age-related diseases have become a major socio-
economic challenge. Ageing is a complex process resulting in time-
Advancements in medicine have significantly increased human life dependent losses of physical functions in all organs. Increasing age is
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a potent risk factor for chronic diseases, including neurodegenerative
diseases (NDD) (Scheltens et al., 2016; Gonzales et al., 2022; Hou et al.,
2019).

Neurodegeneration is characterized by the irreversible and pro-
gressive damage of neurons, eventually leading to cell death (Agrawal,
2020). From an etiological perspective, NDDs such as Alzheimer’s dis-
ease (AD) are often associated with increasing age (Brown et al., 2005).

The global rise in obesity is contributing to an “obesity epidemic”,
which accelerates the ageing process and decreases life expectancy (Tam
et al., 2020). Obesity-induced metabolic disorders and related inflam-
mation are linked to various health problems, such as dyslipidemia, non-
alcoholic fatty liver disease (NAFLD), heart disease, and neurodegen-
erative diseases (Tam et al., 2020).

In fact, many studies have shown that, in addition to ageing, obesity
is one of the most important risk factors for NDDs, including AD (Morys
et al., 2023).

Current research, particularly preclinical studies, indicates prom-
ising interventions for delaying or even improving chronic diseases
through targeted interventions. Thereby, caloric restriction has been
highlighted as being important to reduce ageing and age-related health
problems by decreasing oxidative stress in humans (Redman et al.,
2018).

Moreover, NDD is a group of diseases that exhibit many common and
exclusive features. Important common features of all NDDs are neuro-
inflammation (Chen et al., 2016) and cognitive deficit.

Dysregulation of the immune system and persistent inflammation
caused by ageing and obesity are linked to chronic diseases (Frasca et al.,
2017). However, the term inflammation is very broad and requires
further specification. Neuroinflammation has been shown to correlate
with cognitive decline and neurodegenerative diseases. An ‘active’ im-
mune state has been reported in AD patients (Culpan et al., 2003;
Engelhart et al., 2004; Perry et al., 2007; Jonsson et al., 2013), as well as
in preclinical investigations (Hong et al., 2016; Leng and Edison, 2021).
This aligns with findings that obese individuals are more likely to
develop cognitive impairment and neurodegenerative diseases
(Albanese et al., 2017; Elena et al., 2022). However, the etiology of this
relationship is still not well understood.

Obesity is a complex condition triggered by genetic and environ-
mental factors disrupting energy balance (Tam et al., 2020). Loss-of-
function mutations in the melanocortin-4 receptor (MC4R) have been
reported as the predominant cause of monogenic obesity in humans (Yeo
et al., 2003). A clinical study from 2021 found that approximately 7.3%
of the population carries at least one MC4R variant from more than 170
distinct variants (Namjou et al., 2021). While, the prevalence in the
general population is about 1 in 2,000, translating roughly to 4 million
people worldwide. Similarly, mice in which the Mc4r gene (Mc4r-null)
was specifically disrupted develop an obese phenotype (Huszar et al.,
0000). Mc4r is a 7-transmembrane receptor that binds a-melanocyte-
stimulating hormone (a-MSH), and is highly expressed in amygdala and
the hypothalamus (Kishi et al., 2003). It reduces the feeling of hunger,
and also regulates body temperature, sexual appetence, and metabolism
(Balthasar et al., 0000). Thereby, Mc4r is predominantly expressed in
brain and gut (Tao, 2010), but also in liver (Malik et al., 2012). In ro-
dents, a quantitative association between endogenous Mc4r and mem-
ory loss was recently described (Zhou et al., 2021).

The development of translational animal models for human disease
conditions is a great challenge. For obese-ageing-related cognitive
impairment, there are very few rodent models available so far, which
may be helpful in deciphering basic mechanisms. The MC4R has highly
overlapping functions in men and mice by conveying the feeling of
satiety.

There have been very few attempts to understand cognitive func-
tionality in the context of obesity and ageing, and there is a lack of
predictive biomarkers for obesity-related NDD.

The aim of our research was to develop a reliable mouse model for
obesity that closely resembles the human condition. This model should
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allow us to understand whether obesity has an impact on cognitive
impairment, and expedites the pathological changes that lead to age-
related NDD.

To this end, we conducted the current study using the Mc4r knock-
out mouse model. The Mc4r-deficient mouse model accurately re-
capitulates the human disease in terms of obesity, juvenile diabetes,
energy metabolism and neurobiology (Balthasar et al., 0000).

Our data confirm that loss of Mc4r is associated with obesity, which
accelerates cognitive decline in aged mice, even though weight gain
occurs primarily in younger mice. Our transcriptional analyses identify
potential genes that may be involved in obese-ageing-induced neuro-
inflammation and cognitive decline. Thereby, secreted phosphoprotein
1 (Spp1, osteopontin) appears to be an early marker and potential trigger
for cognitive decline and neuroinflammation, warranting further
investigation in humans.

2. Material and Methods
2.1. Experimental animals

C57BL/6J-congenic loxTB Mc4r mice along with their corresponding
wildtype litter mates were purchased from the Jackson Laboratory, USA.
Mice were housed in standard cages on 12h light-dark cycle with food
and water ad libitum. There were six cohorts of mice: 6-months-old lean
and obese, 1-year-old lean and obese, 2-years-old lean and obese as
shown in Fig. 1 (a, b, c¢). All the cohorts were inclusive of male and fe-
male mice. Standard protocols approved by the local ethics committee
were used during all experiments. All mice studies were reviewed and
accepted by the committee of the Central Institute for Animal Experi-
ments of the University Medical Centre Goettingen, and the Lower
Saxony State Office for Consumer Protection and Food Safety (No.
33.9-42502-04-20/3346).

6-months and 1-year-old mice cohorts were euthanized post behav-
ioral experiment while 2-years-old were euthanized without experi-
ments by using carbon dioxide (COy) asphyxiation. Blood was
withdrawn by direct cardiac puncture. Using Micro Sample Tubes with
polymer-based gel (Sarstedt™), coagulum of blood was separated from
serum upon centrifugation at 15,000 rpm for 15 min. The serum was
stored at —20°C for short term and —80°C for long term. Brain tissues
along with other organs and blood were isolated from each mouse,
thereafter, hippocampal region and cortex of the left-brain hemisphere
were micro dissected, cryopreserved with liquid Ny, and stored at —80°C
for molecular analyses. The right hemispheres were cryopreserved and
stored at —80°C for immunohistochemistry.

2.2. Behavioral tasks

Open field test (OFT) and Morris water-maze test (MWM) were
performed as a comprehensive test battery to assess the cognitive and
anxiety-like behaviors of the mice in our study. Behavioral tests were
performed with 6-months-old and 1-year-old cohorts. However, the 2-
years-old cohort was omitted because including these mice could
introduce variables (such as sarcopenia (Kerr et al., 2024) and incidence
of tumor) related to natural ageing, complicating the interpretation of
the results.

2.2.1. Open field test

Each mouse was placed in the center of an acrylic arena with di-
mensions of 45 x 45 x 40cm for 5 min. The arena is divided into 16 grids.
The time spent (s) in the center of the arena (grid 6, 7, 10, and 11) and
the total distance covered during the trial was recorded. The chamber/
room for the test was sufficiently illuminated for tracking the mouse.
After each testing the mice returned to their home cage. The data were
recorded using TSE VideoMot2 (TSE Systems) and analyzed with
GraphPad Prism 9 software. OFT was performed before and after the
completion of water-maze test.
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Fig. 1. Mc4r-deficient obese mice. (a-c) Representative images of lean mice and obese mice (C57BL/6J-congenic loxTB Mc4r mice) at the age of 6 months, 1 year,
and 2 years (left to right) illustrating the weight gain in obese mice as compared to their lean litter mates. Obese mice started to gain weight by 6 months of age and
continued to be heavier through 1 and 2 years of age. (d-f) Graphical representation of body weight associated with Mc4r deficiency in 6-months-old, 1-year-old, and
2-years-old mice. The obese mice were significantly heavier in all age groups. 6-months-old (lean, n = 22; obese, n = 23), 1-year-old (lean, n = 26; obese, n = 30),
and 2-years-old (lean, n = 8; obese, n = 8). One-way ANOVA and Welch’s t-test were applied to the data and represented as mean with SEM.

2.2.2. Morris water maze test

For MWV, the mice were brought into the facility one week before
the start of the experiment to allow them to acclimate. The mice were
trained in a pool (1.10m in diameter) of water made opaque with
nontoxic white paint with an immersed platform (10 x 10 cm). The pool
is divided into four quadrants with spatial cues on the sides of the basin
serving as landmarks. The standard protocol involves a habituation day
(day 0), seven days of training (day 1-7), and test (day 8). The mice go
through four trials per training day (60s per trial). Escape latencies,
length of path covered, and path to platform were tracked and recorded
using TSE VideoMot2 software (TSE Systems). On day 8, the platform
was removed following which, speed during the task and quadrant
preference were recorded in terms of potential platform crossings
(platform quadrant is considered to be the target quadrant). After each
testing the mice returned to their home cage.

2.2.3. Spatial strategies and cognitive scores

The strategies used to find the platform during the training days were
recorded. For classification of spatial strategies, a modified version of
a neural-network algorithm, Morris water maze unbiased strategy clas-
sification (MUST-C) was used. It classifies the swimming paths taken by
mice into different spatial navigation strategies for every trial in the
water maze. Different spatial strategies recorded represent
hippocampus-dependent and cognitively demanding strategies along
with hippocampus-independent strategies (Illouz et al., 2016; Islam
et al., 2021).

Based on the cognitive score system described by Illouz and col-
leagues (Illouz et al., 2016), cognitive performance score was extended
to a score of 10 (Islam et al., 2021). The highest scores are given for
hippocampus-dependent strategies like “direct”, “corrected”, “short
chaining” and “focused” to locate the platform, while hippocampus-
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independent strategies like “thigmotaxis”, “passivity” are scored the
least. Weighted cognitive score per day was calculated according to the
formula described by Islam and colleagues (Islam et al., 2021).

2.3. Enzyme linked Immunosorbent Assay (ELISA)

2.3.1. Next generation ELISA

Next generation automated sandwich immunoassay was performed
in multianalyte cartridges (Bio-techne, Minneapolis, USA) with glass
nanoreactor (GNRs) using Ella™ (Bio-techne, Minneapolis, USA). It was
performed according to the manufacturer’s protocol to identify the
neurodegeneration marker neurofilament light chain (NfL, #SPCKB-MP-
003168, Bio-techne) and levels of chemokines IFNy, IL-6, TNFa, CCL2,
CXCl10, SDF-1a (#SPCKC-MP-004435, Bio-techne) in sera of mice.

2.3.2. Conventional ELISA

A sandwich ELISA kit (Invitrogen, Cat. #EMSPP1) was used to
determine the level of osteopontin (Opn = Sppl) in mouse serum sam-
ples. Assays were performed according to the manufacturer’s protocol.
Serum samples were diluted 50-fold.

2.4. Oil Red O staining

The right hemisphere of brain was isolated and immediately cryo-
preserved using liquid nitrogen. The cryopreserved brain hemisphere
was stored at —80°C for long-term preservation. The brain tissue was
trimmed up to a depth of 50um, 20 times, and then 20-30 serial sections
were retrieved. Cryopreserved brain hemispheres were sectioned at a
thickness of 10-12 um using a cryostat (Leica Biosystems). The sections
were collected on glass slides and stored at —20°C. The Oil Red O stock
solution was prepared by adding 0.5g Oil Red O (Sigma, Cat. #01391-
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500ML) in 100mL of 99% isopropanol. Working solution was made by
diluting six parts of stock solution with four parts of distilled water. The
working solution was allowed to sit for 24h and then filtered. The frozen
slides were washed in distilled water and then incubated in 60% iso-
propanol for 5 min. The slides were transferred to Oil Red O (filtered)
working solution for 10 min followed by a short incubation in iso-
propanol and water. The slides were then transferred to nuclear stain,
hematoxylin for 3-5 min, followed by washing under running tap water
for 10 min. Cover-glasses were mounted on the slides with glycerin and
were visualized using Plan Fluorite 4X PH and 20X LD PH (BZ-PF04P &
BZ-PF20LP) objective lens for bright field imaging in Compact Fluo-
rescence Microscope BZ-X800 (Keyence GmbH, Neu-Isenburg, Ger-
many). At least 2 sections per brain were analyzed.

2.5. Immunofluorescence staining

The brain tissue was isolated, cryopreserved, and sectioned as
described above in section 2.4. The sections were mounted onto glass
slides and fixed with ice-cold methanol for 9 min followed by chilled
acetone for 1 min, and stored at —20°C.

The cryo-sections were washed with PBS and then incubated with
blocking solution (1X PBS, 1% BSA, and 5% goat serum) for 1h at room
temperature. They were then incubated overnight at 4°C with primary
antibody diluted in PBS. Next day, the slides were washed with PBS and
then incubated with appropriate secondary antibody and DAPI diluted
in PBS. The slides were washed and then cover-glasses were mounted
with a water-based fixative. The slides were analyzed using Plan Fluorite
10X and/or 40X LD PH (BZ-PF10LP, BZ-PF40LP) objective lenses for
fluorescence imaging in Compact Fluorescence Microscope BZ-X800
(Keyence GmbH, Neu-Isenburg, Germany). The cell counting was per-
formed using Fiji Image J software (Wisconsin, USA), cell counter plu-
gin. The cells were counted from at least 2 brain slices from each mouse
(n=5 per group) with 3 technical replicates. Antibodies are listed in
Table 1.

2.6. mRNA sequencing and gene expression profiling

For mRNA sequencing, six independent mice (3 males and 3 females)
of each genotype were used, resulting in a significant sample size of n=6
for both lean and obese mice.

Hippocampus was isolated from brain, cryopreserved with liquid
nitrogen, and stored at —80°C. Total hippocampal RNA was then
extracted using the TRIzol method (Life technologies, California, USA)
according to the manufacturer’s instructions. RNA concentration was
quantified by NanoDrop (NanoDrop Technologies, USA). The quality of
the RNA samples was assessed with a Fragment Analyzer by Advanced
Analytical Technologies before subjecting the RNA samples for library
preparation. The libraries were pooled and sequenced using Hiseq4000

Table 1
List of antibodies used for immunofluorescence staining.
Antibody Company Catalog Dilution
number
SPP1 goat pAb R&D Systems AF808 1:50
NeuN rabbit mAb Abclonal A19086 1:100
CD11b rat mAb BD Pharmingen 5,502,822 1:50
Synaptotagmin 1 rabbit mAb Synaptic 105,008 1:500
Systems
PSD95 rat mAb Absolute 1Ab02108-8.4 1:50
antibody
Goat-anti-rabbit Alexa Fluor Invitrogen A11037 1:200
594
Goat-anti-rat Alexa Fluor 594 Invitrogen A11055 1:200
Donkey-anti-goat Alexa Fluor Invitrogen A11055 1:200
488
Donkey-anti-rabbit Alexa Fluor  Invitrogen A21207 1:200
594
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(lumina, Inc, USA). The library type was single-ended with read-
lengths of 50bp.

To ensure accurate alignment of all samples, the mRNA sequencing
data was aligned and verified. All samples aligned well with each other,
and therefore, all were included in the analysis. Sample quality check,
mRNA sequencing, and bioinformatical analyses were performed in
cooperation with Dr. G. Salinas, NGS Integrative Genomics Core Unit
(NIG), Institute of Human Genetics, UMG, Gottingen.

2.7. Pathway enrichment analysis

Gene Ontology overrepresentation analysis was applied to differen-
tially expressed genes using the clusterProfiler R package (version 4.0.0)
(Wu et al., 2021;2(3):100141.). FDR cutoff was set to < 0.05.

2.8. Quantitative reverse transcription PCR (qPCR)

For qPCR analyses, total RNA was isolated from hippocampus and
cortex of mice using the TRIzol method (Life technologies, California,
USA). RNA concentration was measured with NanoDrop (NanoDrop
Technologies, USA). cDNA was reverse transcribed from 1ug RNA using
the Omniscript® RT Kit (Qiagen, The Netherlands) and XT% thermo-
cycler (VWR International, USA). The reverse transcription-PCR product
(cDNA) was diluted to 6.25ng/pl by adding 140ul Ampuwa. Fast green
was used for quantification. Signals from target genes were normalized
to the house keeping genes Ubiquitin-C or Pecaml. Relative gene
expression was analyzed by 22¢T method (Livak and Schmittgen,
2001). Primers are listed in Table 2.

2.9. Statistical analyses

All the quantitative analyses were carried out on at least five inde-
pendent animals of each genotype. GraphPad Prism version 9 (Dot-
matics, California, USA) was used for all statistical analyses and the
generation of graphs. Statistical significance was calculated with
Welch’s t-test and one-way analysis of variance (ANOVA). All experi-
mental errors were calculated as SEM while the data has been repre-
sented as mean with SEM. Statistical level of significance was accepted
at the conventional critical p-values, viz, *p < 0.05, **p < 0.01, and
**%p < 0.001 with 95% level of confidence.
3. Results
3.1. C57BL/6J-congenic loxTB Mc4r mice

C57BL/6J-congenic loxTB Mc4r mice were generated by insertion of
a loxP-flanked transcriptional blocker (TB) upstream of the Mc4r ATG
site, which serves as an obstacle for the gene promotor to transcribe the
gene and eventually disrupts the expression of Mc4r (Balthasar et al.,
0000). As shown in Fig. 1, these mice phenotypically exhibited severe
early-onset obesity along with hyperphagic behaviour (Balthasar et al.,
0000), which lasted into old age. Macroscopic images of the mice co-
horts at the age of 6 months, 1 year, and 2 years clearly demonstrated

Table 2

List of primer pairs used in the study.
Primer Forward Reverse
Sppl CTCCTCCCTCCCGGTGAAAG ATCTGGGTGCAGGCTGTAAA
Hbb-bs GCCTGAATCACTTGGACAGC CCCAGCACAATCACGATCAT
Ptgds GCTCCTTCTGCCCAGTTTTCCT AGGAGGACCAAACCCATCCAC
Fmod TAGGCGCTCACTCCTCTCTT CACTGCATTTTTGTCTCTTGGG
Prg4 TCTCCTTTTTACAGCAAGGGC CGACAAGCAGACGGGAAGTA
Occludin GAGGACTGGGTCAGGGAATATC GACGTCGTCTAGTTCTGCCT
VE-Cadherin CCTGAGGCAATCAACTGTGC GGAGGAGCTGATCTTGTCCG
Ubiquitin-C GCTGGTAAGCAGCTGGAAGA TCAGCACAGCCAACTTAACCT
Pecaml CCCCCAGAACATGGATGTAG ACACCGTCTCTGTGGCTCTC
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the obesity phenotype of homozygous knock-out (ko) 1oxTB Mc4r mice common to the mouse strain (Suppl. Fig. 1b; Fig. 2b). This was indicated

(Fig. 1 a-c). Fig. 1 (d-f) shows a graphical representation of body by a significant difference in time spent in the central zone of the arena.
weights of all mice cohorts. The obese mice weighed significantly more 1-year-old lean mice also travelled significantly longer distance in the
due to their hyperphagic behavior from 6 months through 2 years as arena during exploration as compared to the 1-year-old obese mice
compared to their lean counterparts, although at 2 years the difference (Fig. 2¢), whereas 6-months-old lean and obese mice covered almost
was smaller but still significant. same distance in the arena (Suppl. Fig. 1¢).

To test the effects of obese-ageing on cognition and spatial reference
memory, which is typically controlled by the hippocampus, 6-months-
old and 1-year-old cohorts were subjected to Morris water-maze test
(MWM). MWM assesses the ability of rodents to navigate and locate a
submerged platform in a swimming pool, and form a memory during the
training days (Morris, 1984). 1-year-old lean mice showed a significant

3.2. Consequences of obese and healthy ageing on cognitive abilities

Open field test (OFT) offers a measure of exploratory behavior and/
or anxiety. We performed OFT before and after the cognitive test to
ensure that anxiety beh:«:lviour was not influenced by the handling itself. and consistent decrease in escape latency throughout 7 days of training,
OFT was performed with 6-months and 1-year-old cohorts (Fig. 2a, which was worse in obese mice (Fig. 2e). However, the distance covered

Suppl. Fig. 1a). It became obvious that obese mice were less explorative to navigate and locate the platform throughout the training days was
or anxious while the lean C57BL/6J mice showed explorative behavior

a Open Field Test b Time spent in middle region C Distance covered in the arena
80 * 25+ *%
. E
3 60 ]
L °
3
i Ead 22 o
- @
\ 3 :
=] ©
= k]
(=]

Lean Obese Lean Obese
d Water-Maze Test ¢ Escape Latenc f Path Length Platform Proximi
p y
250 * %
/—\ Y 60m 8-
_ ol - 9 J .
{ X / N ” é” 6 eee
< Og Y. | | £, £ 6+ \
N . 7 ?,,150- T -5-40 ) g ) W
£ g 5 4
= 100 < £
° = 204 S
[~ 1 il 0. £ 5.
- 50 Lean . Lean o
Obese Obese
0 T T T T T T T o T T T T T T T 0- | 3
day 1 day2 day3 day4 day5 day6 day7 day 1 day2 day3 day4 day5 day6 day7 Lean Obese
Training days Training Days
= Lean Obese . i
h  Speed in probe trial 1 o7 = i Z5] wipoampusJ  COGNItive sCOTE
, = dependent
* ok ok ok =: strategies
10+ - 5= * %
w ’ﬁ
= £ . il !
- . ° Q "
& o ® o =
64 ? 3. . L
NG | / g 4 3 .
o = P
= -
E 4 g 24 |..!l-.
E 2+ 0o f
H O 14 | I
(2]
o-
Lean Obese 0 T
12 3 45 67 12 3 45 67 Lean Obese

Fig. 2. (a-c) Analyses of activity of 1-year-old lean and obese mice in open field test. Open field test is employed to analyze general locomotion, anxiety, and
willingness to explore in lean vs. obese mice. The duration of each trial was 5 min. (a) Schematic representation of Open field test arena. (b) Total time spent by 1-
year-old lean and obese mice in the center of the arena. The average time spent in the center by lean mice was significantly more, leading to the interpretation that
lean mice were more willing to explore and less anxious. (c) Distance covered by 1-year-old lean mice was significantly more as compared to obese mice. Lean mice,
n = 9, obese mice, n = 12. Welch’s t-test was applied to the data and represented as mean with SEM. (d — j) Morris Water-maze test in 1-year-old mice. (d)
Schematic representation of water-maze test arena with platform. (e) Escape latency during the water-maze training days comparing 1-year-old lean mice and obese
mice. The time taken to find the platform significantly reduced over the training days for both lean and obese mice. Each day, the escape latency of lean mice was
significantly lower as compared to obese mice. (f) Path length covered during the water-maze training days. (g) Number of visits to the platform quadrant during the
probe test were significantly higher for lean vs. obese mice. (h) Swimming speed during the probe test. (i) Analysis of different strategies used for searching the
platform by the two groups. Lean mice notably used more of hippocampus-dependent strategies over the training days indicating better learning and memory as
compared to the obese mice. (j) A cognitive score was computed on the basis of scores assigned to hippocampus-dependent strategies used during the training days to
navigate toward the platform. The graph indicates that the cognitive abilities of lean mice were significantly better than that of obese mice. Lean mice, n = 19 and
obese mice, n = 23. Welch’s t-test and one-way ANOVA were applied to the data and represented as mean with SEM. While, Brown-Forsythe ANOVA test was applied
to data sets shown in (e) and (f) and the graphical representations show mean with SEM. 2a and 2d were created with BioRender.com.
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similar for both lean and obese mice as represented in Fig. 2f. A probe
test was performed after 7 days of training to identify the spatial refer-
ence memory of the mice. 1-year-old lean mice showed a significantly
higher number of platform crossings during the probe test trial (Fig. 2g).
Fig. 2h demonstrates the swimming speed of the mice during the probe
trial. The lean mice swam significantly faster during the trial as
compared to the obese mice. For a precise analysis, a modified version of
a neural-network algorithm, Morris water maze unbiased strategy clas-
sification (MUST-C) was used. Our results showed that most of 1-year-
old lean mice showed an increase in usage of hippocampus-dependent

Brain Behavior and Immunity 125 (2025) 226-239

o

strategies like “direct”, “corrected”, “short chaining” and “focused” to
locate the platform throughout the 7 days of training. This observation
suggests intact cognitive function. In contrast, the usage of
hippocampus-independent strategies such as “long chaining”, “circling”,
or “thigmotaxis” increased in 1-year-old obese mice indicating impaired
cognition (Fig. 2i). Eventually, a cognitive score was computed based on
MUST-C algorithm. It reflects consistent use of hippocampus-dependent
or —independent strategies during the 7 days of training. Behavior-
based cognitive scores of 1-year-old lean mice were significantly
higher as compared to that of the 1-year-old obese mice (Fig. 2j). Morris
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Fig. 3. Hallmarks of neurodegeneration. A (Aa-b) Representative microscopic images depicting the size of lateral ventricle in 1-year-old lean mouse brain (left)
and obese mouse brain (right). (Ac) Graphical representation of comparison of sizes of lateral ventricles in 1-year-old lean and obese mice. The graph indicates
dilation in the lateral ventricles of obese mice brains. Lean mice (n = 5) and obese mice (n = 5). CC- Corpus callosum; HPF- Hippocampal formation; LV- Lateral
ventricle. (B) Serological immunoassay of neurofilament light chain (sNfL) in obese and lean mice. (Ca-c). Comparison of serum NfL levels between lean and
obese mice aged 6-months, 1-year, and 2-years; (lean mice, n = 6-18; obese mice, n = 8-18). Technical triplicates were performed for each biological replicate. (C)
RT-PCR quantification of relative expression of BBB proteins, Tight junction protein, Occludin, in hippocampi and cortices of obese mice. (Da-c) Quantifi-
cation of expression in hippocampi of 6-months,1-year, and 2-year-old mice. (Dd-f) Quantification of expression in cortices of 6-months (n = 3-6), 1-year-old mice (n
= 3-6), and 2-year-old mice (n = 4-6). (D) RT-PCR quantification of relative expression of BBB proteins, Adherens junction protein, VE-Cadherin, in
hippocampi and cortices of obese mice. (Ea-c) Quantification of expression in hippocampi of 6-months, 1-year, and 2-year-old mice. (Ed-f) Quantification of
expression in cortices of 6-months, 1-year, and 2-year-old mice. Lean mice, n = 3-6; obese mice, n = 3-6, for every age group. Technical duplicates were performed
for each biological replicate. Welch’s t-test and one-way ANOVA were applied to the data and represented as mean with SEM.
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water-maze test was also performed with 6-months-old cohorts. No
significant differences were seen amongst the young cohorts of mice
indicating their sound cognitive abilities after the Morris water-maze
analysis (Suppl. Fig. 1 d-j).

A comparison of water-maze test performances between 6-months-
old and 1-year-old mice was conducted to assess the effect of ageing
on cognition in lean and obese mice (Suppl. Fig. 2). Suppl. Fig. 2A
shows no difference between the escape latencies of 6-month and 1-
year-old lean mice (Suppl. Fig. 2Aa). Suppl. Fig. 2Ab demonstrates
that 1-year-old obese mice exhibit significantly higher escape latencies
compared to 6-months-old obese mice. Similarly, the cognitive score of
lean mice aged 6 months and 1 year are not statistically significantly
different (Suppl. Fig. 2Ba). In contrast, the cognitive scores of 1-year-
old obese mice are significantly lower compared to 6-months-old
obese mice (Suppl. Fig. 2Bb).

3.3. Evidence of neurodegeneration in obese-aged mice with cognitive
decline

In order to analyze neurodegeneration, various characteristic hall-
marks were tested in the cohorts of obese vs. lean mice. With the analysis
of histological sagittal sections of brain, sizes of lateral ventricles of
brain were quantified. Fig. 3A(a-c) shows that 1-year-old obese mice
brains (n=5) have significantly dilated lateral ventricles as compared to
lean mice brains (n=5).

As part of histological analysis, we proceeded to analyze the
expression of presynaptic and postsynaptic proteins in brain cryo-
sections using immunofluorescence double-staining. Sagittal brain sec-
tions were stained against the presynaptic marker synaptotagmin 1 and
the postsynaptic marker PSD95 (Suppl. Fig. 3). We did not observe any
significant change in the expression of presynaptic and postsynaptic
markers in 1-year-old obese mice. The quantification was performed
using Fiji Image J, synapse counter plugin.

Neurofilament light chain (NfL) is a polypeptide biomarker of
neuronal damage, and released from axons of damaged neurons. It is
usually measured in cerebrospinal fluid (CSF), which is difficult to
harvest, to monitor the course of neurodegenerative disorders. Studies
(Brenner et al., 2023;100(21):e2204.) have shown that the amount of
CSF-NfL corresponded to serum-NfL (sNfL). Fig. 3B shows the serolog-
ical immunoassay of NfL performed in obese and lean mice using highly
sensitive and specific instrument Ella™ (Bio-techne, Minneapolis, USA).
Several studies report that body weight is a confounding factor affecting
NfL level (Freedman et al., 2024; Rebelos et al., 2022; Manouchehrinia
et al., 2020). The sNfL concentrations were measured in both obese and
lean mice across all age groups. The levels of sNfL, normalized to the
body weight, were increased in obese mice compared to lean mice.
Fig. 3B-a shows a dot-plot graph indicating the concentration of sNfL in
6-months-old mice, with no significant difference between obese and
lean mice. However, in 1-year-old obese mice, sNfL levels were signifi-
cantly higher compared to lean mice (Fig. 3B-b), and this difference was
even more pronounced in 2-years-old obese mice (Fig. 3B-c).

Our results are in line with the increase of sNfL levels in normal
human ageing, and in obesity-accelerated ageing of humans (Kaeser
et al., 2021; Khalil et al., 2020). Thereby, a 1-year-old mouse corre-
sponds to a 45-years-old human and a 2-years-old mouse to an 80-years-
old human (Wang et al., 2020).

Ageing is a major factor damaging the physiological and molecular
integrity of the blood-brain-barrier (BBB) (Hussain et al., 2021). Dam-
age to BBB renders it dysfunctional by allowing passage of toxins and
leading to cognitive impairment and neurodegenerative diseases
(Hussain et al., 2021). BBB comprises of tight junctions and adherens
junctions, which are formed by several interacting proteins (Kadry et al.,
2020). We investigated the expression of one protein each from tight and
adherens junction i.e., occludin and VE-cadherin, respectively, in hip-
pocampus and cortex of the brain.

As shown in Fig. 3C, mRNA expression was quantified using RT-PCR.
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The relative expression of occludin was not altered in 6-months-old obese
mice, but a significant reduction was observed in the hippocampi of 1-
year-old and 2-years-old obese mice (Fig. 3C-b, ¢). Interestingly, a sig-
nificant change in the relative expression of occludin was detected in the
cortex of 2-years-old obese mice (Fig. 3C-f), whereas no significant
change was observed in 6-months-old and 1-year-old obese mice
(Fig. 3C-d, e).

Similarly, gene expression of VE-cadherin was quantified (Fig. 3D a-
c). A significant reduction was seen in the hippocampi of 1-year-old
obese mice, but no change was observed in the hippocampus of 6-
months-old and 2-years-old obese mice. Consistently, no change was
found in the relative expression of VE-cadherin in the brain cortex across
any age group (Fig. 3D-c, d). This trend mirrors the changes observed
with occludin.

3.4. Serological evidences of increased systemic inflammation due to
obese-ageing

Obesity is considered to be a state of low-grade chronic inflammation
(Hildebrandt et al., 2023). We therefore studied several chemokines in
sera from obese and lean mice. The levels of CCL2, CXCL10, and TNF«x
were found to be significantly higher in 6-months and 1-years-old obese
vs. lean mice (see Fig. 4A-a, c, e, Fig. 4B-a, b, ¢, e). Whereas, IL6 was
found to significantly increase in 1-year-old obese mice (Fig. 4A-b). In
contrast, SDF-1a serum levels were significantly reduced in 6-months-
old obese mice (Fig. 4A-d), but not in 1-year-old obese mice (Fig. 4B-
d), Similarly, IFNy levels in sera (Fig. 4A-f, B-f) of 6-months and 1-year-
old mice did not show significant alterations.

3.5. Histological evidence of neuroinflammation in obese-aged cognition
impaired mice

To analyze lipid distribution or accumulation in brains of obese-aged
vs. lean mice, we stained sagittal sections of cryopreserved brains with
Oil Red O. A visibly high lipid accumulation was seen in the white
matter of brain viz. fiber tracts, corpus callosum, and cerebellar medulla
of 1-year-old obese mice as shown in Fig. 5A-b, while Fig. 5A-a repre-
sents a healthy 1-year-old lean mouse brain with regular lipid content.
Interestingly, the lipid content in the brain of 2-years-old obese mice
(Fig. 5A-d) was higher than that of both its lean counterpart (Fig. 5A-c)
as well as the 1-year-old obese mice. Strong lipid deposits were observed
in telencephalic fiber tracts such as the corpus callosum and in the
medulla of the cerebellum. Obese-ageing obviously causes alterations of
the lipid homeostasis in the brain of mice.

Next, brain tissues were stained with antibodies against neuronal
marker NeuN, and microglia marker CD11b, in order to examine signs of
neuroinflammation. Infiltration of CD11b- positive microglia was seen
in the cortical layers, hippocampus, thalamus, corpus collosum, and
cerebellum of 1-year-old obese mice (Fig. 5B-b), while a moderate
staining of resident microglia was seen in the corresponding lean mice
(Fig. 5B-a). A quantitative analysis was performed (using analysis
application Hybrid cell count with Keyence microscope) based on the
CD11b-positive cell count in 6-months-old, 1-year-old, and 2-years-old
mice (Fig. 5B-¢c, d, e). The statistical analyses showed that microglia
count was significantly higher in 1-year-old obese mice vs. lean mice.

3.6. Potential candidate biomarkers of neuro-cognitive impairment and
neuropathologies

Gene expression profiling of hippocampus was performed to identify
potential candidate biomarkers for early diagnosis of neuropathologies.
Biomarkers for neuropathological disorders could also be a tool for
diagnosis of approaching neurodegenerative diseases that is prevalent in
advanced age. Gene expression profile of hippocampi from 1-year-old
obese mice was obtained as a result of the illustrated workflow
(Fig. 6A). Illumina Hiseq4000 system generated an extensive list of
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Fig. 4. Serological analysis of systemic inflammation in obese mice. (A) Relative expression of chemokines in the sera of 6-months-old obese vs. lean mice.
Chemokines CCL2, IL6, CXCL10, and TNFa were significantly upregulated in obese mice, whereas, SDF-1a was significantly downregulated. INFy levels in obese mice
remained similar to that of the lean mice. (B). Relative expression of chemokines in the sera of 1-year-old obese vs. lean mice. Chemokines CCL2, IL6, CXCL10, TNFa
were significantly upregulated in the obese mice, whereas, SDF-1a and INFy levels in obese mice remained similar to that of the lean mice. One-way ANOVA and
Welch’s t-test were performed to compare lean mice to obese mice and the data is represented as mean with SEM. (Lean, n = 4-6; obese, n = 4-6 for every age group.
Technical triplicates were performed for each biological replicate).

significantly differentially expressed genes in obese mice (vs. lean mice)
as represented in the heatmap. A gene ontology (GO) overrepresentation
analysis was performed with the differentially expressed (DE) genes
(upregulated and downregulated) using the clusterProfiler R package
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(version 4.0.0) (Wu et al., 2021;2(3):100141.). The top 10 sig-
nificantly enriched pathways from the analysis were selected for visu-
alisation as dot plots. Fig. 6B-a (upregulated genes) and 6B-b
(downregulated genes) represent dot plots with significant GO
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Fig. 5. Influx of lipid is associated with neuroinflammation. (A) Oil Red O-positive regions in the brain of 1-year-old and 2-years-old mice. Representative
bright field images showing Oil Red O-positive regions in obese vs. lean mouse brain. (Aa) 1-year-old lean mouse brain. (Ab) 1-year-old obese mouse brain. (Ac) 2-
years-old lean mouse brain. (Ad) 2-years-old obese mouse brain. CB- cerebellum; CTX — Cerebral cortex; CC — Corpus callosum; HPF — Hippocampal formation; LV —
lateral ventricle; TH — Thalamus. At least 2 sections per brain were analyzed. Scale bar- 100 pm. (B) Immunofluorescence staining of brain cryo-sections with
antibodies against the neuronal marker NeuN and the microglia marker CD11b in 1-year-old mice. (Ba) representative image showing microglia from lean mouse
brain. (Bb) representative image showing microglia from obese mouse brain. Scale bar- 100 um. (Bc) CD11b-positive microglia cell count in 6-months-old lean and
obese mice (lean, n = 5; obese, n = 5). (Bd) CD11b-positive microglia cell count in 1-year-old lean and obese mice (lean, n = 5; obese, n = 5). (Be) CD11b-positive
microglia cell count in 2-year-old lean and obese mice (lean, n = 5; obese, n = 5). At least 2 sections per brain were analyzed. One-way ANOVA and Welch’s t-test
were performed to compare cell count in lean mice to obese mice and the data is represented as mean with SEM.

biological processes enriched among the collective list of DE genes. The
further screening of regulated genes was done with consideration to role
of the genes in brain function and ageing. Using the above-mentioned
criterion, we screened secretory phosphoprotein 1 (Sppl osteo-
pontin), hemoglobin beta-s adult chain (Hbb-bs), prostaglandin D2
synthase (Ptgds), fibromodulin (Fmod), and proteoglycan 4 (Prg4).
Suppl. Fig. 4 shows the quantification of relative expression of candi-
date genes. Most candidate genes portrayed a significant increase in
expression in hippocampi of 1-year and 2-years-old obese mice, however
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a variation in relative expression was observed in cortices.

3.6.1. Secretory phosphoprotein 1 a.k.a. Osteopontin

SPP1 is a proinflammatory cytokine that is secreted by active
microglial cells in brain (Yu et al., 2017). As a consequence, it is upre-
gulated in brain in case of injury or inflammation and plays a role in
neurodegenerative diseases (Riew et al., 2019;16(1):N.PAG-N.PAG.).
The transcriptomics data indicated a three-fold upregulation of Sppl
expression in 1-year-old obese mice hippocampi. Upon verification of
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Fig. 6. Transcriptomics analysis of hippocampi of Mc4r deficient obese mice. (A) Schematic representation of experimental workflow for whole mRNA
sequencing of hippocampi samples of 1-year-old mice belonging to lean (n = 5) and obese (n = 5) cohorts. Created with BioRender.com. (B) Gene Ontology analysis
of differentially expressed genes. (a) Dot plot showing GO biological processes significantly enriched among the upregulated genes. (b) Dot plot showing GO bio-
logical processes significantly enriched among the downregulated genes. (C) Quantitative verification of expression of Sppl, a potential biomarker of neuro-
pathological disorder and brain dysfunction in hippocampi and cortices of Mc4r-deficient obese mice. (a-c) Relative expression of Spp1 in the hippocampi with
progression of age (6-months, 1-year, 2-years) in obese mice. (d-f). Relative expression of Spp1 in the cortices with progression of age (6-months, 1-year, 2-years) in
obese mice. Lean mice (n = 5-10) and obese mice (n = 6-12) for each age group. (g) Relative expression of Spp1 in the hippocampi of 7-month-old 5XxFAD mice
compared to WT mice. 5XFAD mice (n = 3) and WT mice (n = 3). Mean with SEM are shown. (D) Serological ELISA of SPP1 in obese and lean mice. (a) Graphical
representation of serum SPP1 levels in lean and obese mice aged 6-months, (b) aged 1-year and (c) aged 2-years. Welch’s t-test and one-way ANOVA were performed
to compare lean mice to obese mice and the data is represented as mean with SEM. (Lean, n = 4-8; obese, n = 4-8). Technical duplicates were performed for each
biological replicate. (E). Sppl expression in snRNA-Seq of postmortem brain of AD patients at braak stage 0, 2, and 6. ExN- Excitatory neurons, InN- Inhibitory
neurons, ODC- oligodendrocytes, OPC- oligodendrocyte precursor cells, AST- astrocytes, MGL- microglia, ENDO- endothelial cells.

Spp1 using qPCR, it was verified that Spp1 has a significant three-fold
upregulation of expression in the hippocampi of 1-year and 2-years-
old obese mice (Fig. 6C). Additionally, it showed an almost six-fold
higher expression in cortices of 2-years-old obese mice, which was
highly significant (Fig. 6C-f).

To test the reliability of Sppl as a potential marker for neuro-
degeneration in an Alzheimer disease model, its expression was also
quantified in the hippocampi of 7-months-old 5XFAD mice (n=3), which
overexpress mutated human APP and PSEN1 (Oakley et al., 2006),
against healthy lean mice (n=3). A significant increase in Spp1 expres-
sion was seen in the 5xFAD mice (Fig. 6C-g).

To address the question, whether Sppl could serve as a potential
biomarker we analyzed blood level. SPP1/osteopontin has two subtypes
—secreted and intracellular (Cantor and Shinohara, 2009). Secreted
SPP1 was tested in mice sera (6-months, 1-year, and 2-years-old) using
conventional ELISA. The known standard absorbance values were
plotted into a standard curve by using sigmoid function. The sigmoid
standard curve was then used to interpolate SPP1 content in mice sera.
Fig. 6D exhibits the SPP1 levels in lean and obese mice sera. 6-months-
old obese mice showed insignificant difference as compared to corre-
sponding lean litter mates (Fig. 6D-a). 1-year-old obese mice showed a
highly significant increase in the serological levels of SPP1, which was
also seen in 2-years-old obese mice (Fig. 6D-b, c).

Potency of Sppl as a diagnostic marker was further validated by
checking the expression profile of Sppl in a publicly available single-
nucleus RNA sequencing (snRNA-Seq) data-set (Leng et al., 2021). The
snRNA-Seq was performed on cell nuclei from postmortem brain tissue
(superior frontal gyrus and entorhinal cortex) from AD patients at
different braak stages (0, 2, and 6). Post analysis, it was found that Spp1
is selectively expressed in oligodendrocytes and microglial cells from the
superior frontal gyrus data-set. Interestingly, the Spp1 expression was
found to increase from braak stage O to 6 in AD patients (Fig. 6E).

4. Discussion

Obesity and ageing are major contributors to a number of diseases
that can limit life expectancy, and both conditions have common or
overlapping mechanisms. Therefore, we investigated the role of obese-
ageing in a well-established mouse model, specifically C57BL/6J
loxTB Mc4r knock-out mice. As shown previously, homozygous Mc4r
knock-out mice become massively obese due to the lack of satiety
(Balthasar et al., 0000). Here, we studied the mice for more than 2 years.
Of note, we have observed the same life expectancy as their lean litter
mates.

We aimed to understand how obesity influences the brain and ac-
celerates ageing processes. Therefore, we chose a model of obesity using
Moc4r knock-out mice. The Mc4r knock-out mouse model, known for
obesity and a proinflammatory phenotype, was chosen given the well-
accepted link between MC4R loss in humans and obesity (Farooqi
et al., 0000). Mc4r knock-out mice lack the sense of satiety and develop
obesity with a proinflammatory phenotype by the age of 6 months (Itoh
etal., 2011). In addition, there is indirect evidence that Mc4r may play a
role in mitigating cognitive dysfunction. Activation of melanocortin
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receptors with agonists has shown to improve amyloid pathology in a
human-adapted mouse model of AD (APP/PS1 mouse) by reducing
inflammation in the brain (Jackie et al., 2021). It is assumed that a 1-
year-old mouse corresponds to a 45-years-old human and a 2-years-
old mouse to an 80-years-old human (Wang et al., 2020). The Mc4r
knock-out mouse model may therefore help investigating the effects of
obesity on age-related neurodegenerative diseases.

We employed a rigorous scientific approach, including the use of a
well-established mouse model (Mc4r knock-out mice) and various
analytical techniques such as behavioral tests, RNA-Seq, and histological
analyses to investigate the impact of obesity on ageing and neurode-
generative diseases.

Histological analyses revealed a high lipid content along with
increased microglial cell count in the brain of obese mice as compared to
the lean mice. Transcriptional analyses identified a number of genes
potentially linked to obesity-related cognitive decline and neuro-
inflammation. Our study proposes Sppl as a promising candidate for
early neurodegenerative disease diagnosis based on analyses of serum
proinflammatory markers.

Overall, the study provides novel insights into the complex rela-
tionship between obesity, ageing, and neurodegenerative diseases, using
a comprehensive approach involving genetic, histological, and
biochemical analyses in a relevant mouse model.

4.1. Obese-ageing affects cognition

We used the Mc4r knock-out mouse model to study potential corre-
lations between BMI, ageing, and cognitive decline. There are now a
large number of studies that show that it is possible to study cognitive
functions in mice (Tanila, 2018; Niu et al., 2022). A wide range of
behavioral tests are available for laboratory rodents to analyze complex
behaviors related to cognition. The cognitive component is reflected by
the ability to acquire relevant information during learning processes.
Thereby, the hippocampus is the main organ responsible for learning
and memory (Hou et al., 2019).

Our data show that Mc4r-deficient-mice gain significant weight and
become severely obese by the age of 6 month. After that, their weight
remains stable and even reduces to some extent at the age of 2 years.
However, they remain significantly heavier than the wildtype litter
mates.

The mice younger than 6 months were not included in the experi-
mental design because the mice at the age of 6 month did not show any
significant neurodegenerative changes; therefore, served as the baseline
for the 1-year-old and 2-years-old mice. In the same line, 2-years-old
mice were also excluded, as they reportedly display advanced age-
related changes (Kerr et al., 2024; Zumerle et al., 2024) that could
confound the effects observed in the study.

Based on literature and our own observation, the primary focus was
directed on 1-year-old mice, since they are considered middle-aged and
exhibit early signs of neurodegeneration that are appropriate for
studying disease mechanisms.

Using open-field and water-maze tests, we were able to detect
cognitive impairment in the obese Mc4r-null mice, similar to a previous
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investigation in which obesity was induced by high-fat diet (HFD) to 2-
months-old mice for 7 weeks. (Buie et al., 0000, Yoshizaki et al., 0000).

It is noteworthy that despite increased body weight, obese mice do
not exhibit locomotor issues, with body weights not differing signifi-
cantly between 6-months-old and 1-year-old obese mice, while cognitive
decline was evident in the 1-year-old obese mice. In contrast, the time
required to complete the task (escape latency) and the subsequent
cognitive scores differed significantly between these age groups (suppl.
Fig. 2). Our data indicates that obesity leads to cognitive impairment in
mice that is exacerbated with age, starting in 1-year-old mice.

A plausible explanation for the memory impairment and cognitive
functions could be activated endoplasmic reticulum stress, as indicated
in a mouse model of HFD-induced obesity (Niu et al., 2022). In addition,
both obesity and ageing lead to dysfunction of nitric oxide signaling,
which impairs blood flow to the brain, and decreases synaptic plasticity
in the hippocampus (Buie et al., 0000), which negatively affects cogni-
tive abilities. Together, previous reports and our data clearly indicate
that obesity leads to cognitive impairment that worsens with age.

The study connects findings from an obese-ageing mouse model to
potential implications for human health. The choice of the Mc4r knock-
out mouse model, a known model for obesity and lack of satiety, pro-
vides a relevant context for understanding the potential effects of obesity
on age-related neurodegenerative diseases in humans.

4.2. Neuroinflammation

In addition to cognitive decline, neuroinflammation is an early
manifestation of neurodegenerative diseases. There are reports
describing the mechanisms by which obesity triggers both cognitive
decline and inflammation. The most widely accepted mechanism is that
obesity triggers both systemic and central nervous system inflammation.
Similarly, the accumulation of lipids in the brain can trigger local
inflammation through the activation of microglial cells. Microglial cells
are the immune cells of the CNS with phagocytic function important for
removing harmful substances that may cause inflammation (Yang et al.,
2010). This step is crucial for the termination of inflammation because
long-term inflammation and sustained release of proinflammatory cy-
tokines from adipose or local tissues leads to organ damage, resulting in
suppression of neuronal and cognitive functions (Frasca et al., 2017;
Leng and Edison, 2021; Yang et al., 2010). Our findings are in line with
these observations. We observed both local and systemic inflammation
in obese Mc4r knock-out mice subsequent to fat accumulation in the
brain and accumulation of microglial cells together with markers for
neurodegeneration. Indeed, previous studies have demonstrated a link
between neurodegenerative diseases and lipid deposition in the brain
(Farmer et al., 2020).

The notion of obesity-induced inflammation is supported by the fact
that in the hippocampus of the Mc4r knock-out mice, there is an alter-
ation in the expression of tight and adherens junction genes (occludin
and VE-cadherin) responsible for blood-brain barrier (BBB) integrity
(Tunggal et al., 0000; Li et al., 2018), suggesting leakiness of the barrier.

Another striking observation of the study was that the levels of pro-
inflammatory mediators continued to increase with age, interestingly, a
significant increase in the body weight of the obese mice compared to
lean mice was also observed in all groups studied. This may suggest that
either obesity and/or ageing are the main driver of this process, which
could trigger pro-inflammatory pathways.

There have been some evidences that the cognitive decline and
neuroinflammation observed in the Mc4r knock-out mice are primarily
due to obesity and not due to the knockout of the Mc4r gene itself or
ageing.

Indeed, the metabolic syndrome that often accompanies obesity,
including chronic systemic inflammation and dyslipidemia, can have
profound effects on brain function. These effects are likely exacerbated
in Mc4r knock-out mice due to the severe obesity they develop. In
addition, our data suggest that obesity triggers a state of chronic low-
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grade inflammation, including in the brain (Tam et al., 2020; Frasca
et al., 2017). This inflammation is associated with the activation of
microglial cells, which leads to neurodegenerative changes that are a
key factor in cognitive decline.

Next, in search of potential candidates that could serve as a
biomarker(s) for the detection of obesity-related neuroinflammation and
cognitive decline, which are early signs of NDD. We carried out RNA-Seq
analyses, which revealed an extensive list of differentially expressed
genes that could be potential targets for diagnosis or treatment of brain
inflammation and cognitive decline. Among them, Sppl emerged as the
most prominent candidate in our study due to its elevated levels at
mRNA in addition to protein levels in serum, making it an attractive and
testable candidate biomarker in human blood. Several studies have re-
ported that Sppl plays an important role in neuroinflammation in
several neurodegenerative disorders (de Luna et al., 2023; Al-Dalahmah
et al.,, 2024), moreover, a recent study shows its association with
cognitive decline has now been documented in humans (de Lopes et al.,
2024).

In our study, cognitive decline, elevated numbers of activated
microglia, and increased neuro- and systemic inflammation were posi-
tively correlated with Spp1 levels in brain tissue and serum of 1-year-old
obese mice.

This suggests that SSP1 may serve as a potential blood biomarker for
the early diagnosis of cognitive decline, though BMI should be taken into
account when interpreting SPP1 levels.

5. Conclusions

Our data show that loss-of-Mc4r-induced hyperphagia is associated
with obesity-related cognitive decline and neuroinflammation acceler-
ated by ageing. In addition, our transcriptional data revealed a number
of genes potentially involved in obesity-related cognitive decline and
neuroinflammation. We identified SPP1 as a novel and most prominent
marker, which appears to be an early diagnostic marker and probably a
trigger of cognitive decline and neuroinflammation. This has practical
implications for the field, as early diagnosis is crucial for effective
intervention and treatment. We conclude that obesity and ageing share
several mechanisms that increase the likelihood of neurodegenerative
diseases.
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