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Abstract

Obesity is considered a risk factor for type 2 diabetes mellitus, which has become one of the most important health problems,
and is also linked with memory and executive function decline. Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid
that regulates cell death/survival and the inflammatory response via its specific receptors (S1PRs). Since the role of S1P
and S1PRs in obesity is rather obscure, we examined the effect of fingolimod (an S1PR modulator) on the expression profile
of genes encoding S1PRs, sphingosine kinase 1 (Sphkl), proteins engaged in amyloid-beta (Ap) generation (ADAMI10,
BACEI1, PSEN2), GSK3p, proapoptotic Bax, and proinflammatory cytokines in the cortex and hippocampus of obese/
prediabetic mouse brains. In addition, we observed behavioral changes. Our results revealed significantly elevated mRNA
levels of Bacel, Psen2, Gsk3b, Sphkl, Bax, and proinflammatory cytokines, which were accompanied by downregulation of
S1prl and sirtuin 1 in obese mice. Moreover, locomotor activity, spatially guided exploratory behavior, and object recogni-
tion were impaired. Simultaneously, fingolimod reversed alterations in the expressions of the cytokines, Bacel, Psen2, and
Gsk3b that occurred in the brain, elevated S1pr3 mRNA levels, restored normal cognition-related behavior patterns, and
exerted anxiolytic effects. The improvement in episodic and recognition memory observed in this animal model of obesity
may suggest a beneficial effect of fingolimod on central nervous system function.
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Introduction

Obesity and type 2 diabetes mellitus (T2DM) is a fast-
growing worldwide epidemic that has become one of the
most common health problems in many industrialized
countries and inevitably lowers the quality of life on social
and economic levels. Data from epidemiological studies
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demonstrate that in 2019, over 463 million people were
diagnosed with diabetes, and 4.2 million died because of
diabetes. Scientists estimate that in 2030, there will be
approximately 578 million people with diabetes, with a
10% global prevalence [1]. The consumption of a high-fat
diet (HFD) and lack of physical activity are major factors
contributing to obesity and its comorbidities, and more than
80% of obese patients are believed to have T2DM [2]. A
recently published neuroimaging meta-analysis identified
many spontaneous abnormal central nervous system (CNS)
activities in T2DM patients, mainly involving brain regions
related to memory, learning, and emotions [3]. Functional
deficits of the CNS and structural brain damage in regions
involved in cognition, anxiety, and depression control were
observed in T2DM patients [4]. Dysregulation of insulin
signaling observed in obesity, metabolic syndrome, and
T2DM extends to the brain and can be responsible for a
broad spectrum of brain disorders. A comprehensive cohort
study of nearly 1.9 million adults presented by Wimberley
et al. in 2022 confirms that T2DM is correlated with a wide
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range of psychiatric and neurological problems, including
depression, obsessive—compulsive disorder, inflammatory
brain diseases, vascular dementia, and cognitive impairment
[5]. Obesity has also been associated with a higher risk of
developing cognitive disorders, which include dementia
and its most common form, Alzheimer’s disease (AD)
[6-8]. Unfortunately, the role of obesity in the etiology of
deficits in executive function and memory is still not well
understood. Some research suggests that obesity-associated
chronic inflammation comes from altered physiology of
adipose tissue (AT), resulting in low-systemic insulin
resistance and metabolic dysfunction that, in consequence,
may lead to brain dysfunction [9, 10]. Studies conducted
on an experimental mouse model of senescence revealed
that HFD consumption increased cerebral amyloid-beta
peptide (AP) accumulation, deregulated tau-phosphorylating
glycogen synthase kinase 3 (GSK3f) immunoreactivity,
and aggravated learning and memory deficits, indicating
Alzheimer-like changes [11]. Continuous HFD consumption
may result in obese conditions that lead to increased
AT lipolysis, plasma free fatty acids, and finally to the
accumulation of bioactive lipids, including ceramide (Cer),
which promotes lipotoxicity [12]. Bioactive sphingolipids
are a lipid family that regulates cellular signaling and
function. There is particular interest in them as a HFD
increases their levels, changes energy metabolism, and
importantly they contribute to obesity-related pathologies.
Among the members of the bioactive sphingolipid family,
Cer and sphingosine-1-phosphate (S1P) are the most
important because of their regulatory function in cells.
Both Cer and S1P, as well as products of their metabolism,
regulate a vast array of biological processes, from
programmed cell death and senescence to cell survival
and proliferation, whereas Cer is mostly recognized for
the regulation of apoptotic processes [13, 14]. Cer and S1P
are also important regulators of inflammatory signaling.
S1P is synthetized/generated through phosphorylation of
sphingosine (a product of Cer metabolism) by sphingosine
kinases (SPHKSs). S1P regulatory functions are mediated
by five G protein-coupled S1P receptor (S1PR) subtypes.
Different receptor expression and specificity of S1P toward
G-proteins explain other but overlapping roles of S1PRs.
The vast functions of S1P and its receptors have become
potential pharmacological targets for the treatment of
inflammation-related disorders. FTY720 is an orally
bioavailable structural analog of sphingosine that can be
phosphorylated by SPHKSs to FTY720 phosphate and act as
a S1PRs modulator. FTY720 modulates four (1, 3, 4, and 5)
out of five S1P receptor subtypes. FTY720, also known as
fingolimod, is able to cross the blood-brain barrier due to
its lipophilic nature and is approved for the treatment of the
relapsing—remitting form of multiple sclerosis (MS) [15, 16].
In addition to its immunomodulatory activity, fingolimod

is also a potent modulator of genes involved in ceramide
metabolism, and it stimulates neuronal gene expression,
axonal growth, and regeneration during neurodegeneration
[17, 18]. Our previous results revealed that FTY720 recovers
the altered expression of genes encoding SPHKs, S1P
receptor 1 and 3, ceramide kinase, and BCL-2 protein in
the brains of AD mice [19]. In the case of diabetes, it was
found that FTY720 administration led to the normalization
of hyperglycemia by stimulating f-cell regeneration in vivo
and regulating circulating insulin levels without affecting
insulin sensitivity [20]. Moreover, FTY720 was found to
reverse HFD-induced weight gain in C57BL/6 mice as well
as insulin resistance and AT inflammation [21].

Recently, the role of bioactive sphingolipids and their
signaling in glucose homeostasis, insulin signaling, and
diabetic phenotype started to draw attention, primarily
because of evidence linking ceramides to insulin resistance
[22]. While the role of ceramides in obesity and diabetes is
relatively well understood, the role of S1P and its receptors
is rather unclear. Elevated plasma levels of S1P have been
observed in animal models of obesity and T2DM as well as
in obese patients [23, 24]. S1P is an important regulator of
glucose-stimulated insulin secretion in pancreatic beta cells.
Some data show that receptors for S1P are engaged in the
regulation of inflammatory signaling, specifically receptors
2 and 3, but in the case of obesity and diabetes, SIP-S1PR3
signaling seems to have a protective function [25, 26].

Since the role of SphK1/S1P and S1P receptors in obesity
is still not well understood, we investigated the role of S1P
receptors and the effect of fingolimod on the expression of
several genes encoding sphingosine kinase 1, S1P receptors,
ADAMI10, BACEI, PSEN2, GSK3p, SIRT1, proapoptotic
Bax, and proinflammatory cytokines in the brains of obese
mice. Moreover, behavioral changes in animals receiving a
HFD as well as the response to the fingolimod were assessed.

Materials and Methods
Animal Model and Treatment

All experiments were approved by the II Local Ethics Com-
mittee for Animal Experimentation in Warsaw (approval
no. WAW2/065/2019) and performed in accordance
with the guidelines of EU Directive 2010/63/EU. Male
C57BL/6 J mice (10-12 weeks, 27 +2 g) from The Ani-
mal House of the Mossakowski Medical Research Institute
PAS, Warsaw, Poland, were given a HFD (Ssniff: 60 kI%
fat, 20 kJ% protein, 20 kJ% carbohydrates, E15742-34, cor-
responding to Research Diets, Inc. D12492) for 16 weeks.
The control group received a standard chow diet (SD,
Ssniff: 9 kJ% fat, 24 kJ% protein, 67 kJ% carbohydrates,
S8435). All groups of mice were housed individually in

@ Springer



1390

P.L.Wencel et al.

plastic breeding cages in an air-conditioned room with
mechanical ventilation, a regulated 12-h dark—light cycle, a
temperature of 20-24 °C, and humidity of 55% (£ 10%). In
all cages, environmental enrichment in the form of cotton
rolls and wooden fibers for building a nest was applied. At
the beginning of the experiment, no statistically significant
body weight differences existed between the experimen-
tal groups. On a 12-week HFD, blood glucose tests were
performed after an overnight (14-16 h) fast. After 96 days
on a HFD, animals started receiving FTY720 (i.p. 1 mg/
kg b.w.; Cayman Chemical) in 0.9% NaCl once daily for
2 weeks; control animals received vehicle (NaCl solution).
One day after the last FT'Y720 injection, the animals were
sacrificed by decapitation. The cortex and hippocampus
were quickly isolated on an ice-cold glass Petri dish, and
samples were immediately frozen in liquid nitrogen and
stored at — 80 °C for qPCR analysis. Twenty animals were
used for the gene expression study, and 28 animals were
used for the behavioral studies. Behavioral experiments
started 4 days after the last injection of FTY720 with an
open field test and were conducted from 9:00 to 16:00 for
three consecutive days (Fig. 1a, b). The behavioral stud-
ies were performed blinded and carried out in compliance
with the ARRIVE guidelines (https://arriveguidelines.
org). The behavior of the animal was scored by observers
blinded to the experimental plan and experimental condi-
tions. Animal behavior was monitored with a video camera
located above the behavioral apparatus and recorded with

Noldus EthoVision XT10 software. Behavioral data were
analyzed by other researchers not involved in the study
design. The resting time between particular behavioral tests
was 24 h. To acclimate, mice were moved from a housing
room to an experimental room where the behavioral tests
were performed for at least 1 h prior to use each day. Mice
in the present study were handled frequently prior to the
behavioral test (1-2 times/day for at least 1 min during the
2 weeks prior to testing).

Behavioral Tests
Open Field Test

The open field test (OF) was originally developed by Hall
to monitor motor activity and the degree of exploration in
a new place [27]. In the OF test, we used naive animals to
reduce habituation to the test environment and eliminate any
potential crossover effect from multiple apparatus exposures.
The mice were placed in an open gray area (57 X 57 cm)
bounded by walls measuring 50 cm with an open top. The
OF apparatus was located in an acoustically isolated experi-
mental room illuminated by diffused light. The mouse was
placed individually in the center of the OF arena for 8 min.
The OF test involved measurements of parameters such as
climbing, grooming, total distance traveled, velocity, and
time spent in the central segments of the box. Due to the
high sensitivity of the test, it was conducted without the
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Fig. 1 Schematic representation of the obese mouse model (a) and behavioral tests (b) used in this study (created with Biorender.com)
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presence of an observer in the experimental room. After
8 min, the animal was removed, and the apparatus was
washed with a 10% ethanol solution to remove odor traces.
The box used for OF was also used during the novel object
recognition test performed the next day.

Novel Object Recognition Test

The novel object recognition (NOR) test has been primarily
used in rats and was originally described by Ennaceur and
Delacour in 1988 and then successfully adapted for mice
[28-31]. The NOR test is a commonly used, relatively low-
stress behavioral assay for investigating various aspects of
learning and memory in rodents and an efficient means for
evaluating various stages of memory, for example, acqui-
sition, consolidation, and recall [32]. NOR allows for an
assessment of episodic memory and deficits in recognition
memory which lead to the impaired ability to discriminate
between a new and a familiar object [33, 34], and helps in
the assessment of neuropsychological changes [32]. In the
NOR test, object location memory (spatial object memory)
can also be investigated (e.g., [35]). During the task, mem-
ory is consolidated, and spatial/contextual characteristics of
objects are relocated in different parts of the brain [36]. The
task procedure was conducted in the previously described
OF apparatus and consisted of three phases: habituation,
familiarization, and choice. Based on our optimization of
experimental conditions, the first phase, habituation to the
apparatus, was carried out during the OF test, where each
animal was allowed to freely explore the open arena for
8 min in the absence of objects. During the familiarization
phase on the second day, the animals were placed against
the wall opposite two identical objects Al and A2 (Lego
towers) located at opposite corners of the apparatus. The ani-
mals were allowed to explore the apparatus for 8 min freely.
After this time, the mice were removed from the box, and
the apparatus and objects were cleaned with a 10% ethanol
solution to remove odor cues. Two hours after the famil-
iarization phase, one of the two objects was replaced with
another/novel object (object B—glass bottle), and the choice
phase began. New and familiar objects came in different
colors, shapes, and structures. Object exploration was clas-
sified as placement of the mouse head within 2 cm of any
object. Each mouse was placed near the center of the wall
opposite the object in the same box to explore the arena for
8 min. The activity of the exploring animal was monitored
with a camera located above the apparatus and recorded
with a computer program. The time spent exploring indi-
vidual objects during the familiarization (,,, f5,) and choice
phases (¢, t3), total time spent exploring both objects dur-
ing the familiarization (¢, 5,) and choice phases (¢, ), total
time of exploration [, = (fa1a2+2a;p)], discrimination
index for familiarization phase — exploration time devoted

to both identical objects [DIy; a0 = (a1 — ta2)/(to1 +1a2)],
and discrimination index for the choice phase —the dif-
ference in exploration time for the novel versus familiar
object [DI 5= (tg —12;)/(tg +14)] were all calculated. The
global habituation index was also determined by comparing
the total time spent exploring the two objects during the
familiarization phase to that spent during the choice phase
[GHI =1, a2/tA15]- The recognition index [RI=1tg/t .l
defined as the time spent investigating the novel object rela-
tive to the total object exploration, was also measured.
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Elevated Plus Maze Test

Following the OF and NOR tests, a counterbalanced test of
anxiety and exploration was conducted on the third day. The
elevated plus maze (EPM) test is used to measure anxiety-
related behavior based on the natural, spontaneous exploratory
behavior of rodents in novel environments as well as their aver-
sion to open and elevated spaces [37]. The EPM consisted of
four narrow gray arms (31 cmx 6.5 cmX 16 cm, LXW X H)
placed at a height of approximately 50 cm. The two arms facing
each other were enclosed by gray sidewalls (closed arms) and
were connected via a central square to two open arms. The test
was carried out in an acoustically insulated experimental room
illuminated by diffused light. The mouse was placed in the
maze at the crossing of the arms, with its nose pointing toward
the open arm. The activity of the exploring animal was moni-
tored for 8 min. After this time, the animal was taken from the
EPM. Then, the maze was cleaned with a 10% ethanol solution.

Intraperitoneal Glucose Tolerance Test

Glucose levels were measured and an intraperitoneal glu-
cose tolerance test (IPGTT) was performed in mice after
12 weeks on a HFD. Animals fasted overnight for 16 h (6:00
pM—10:00 am) before the glucose tolerance test. The animals
were injected with glucose (2 g/kg b.w./i.p., dissolved in
saline). Blood glucose levels were measured from the tail
vein with an Accu-Check Performa glucometer (Roche)
immediately prior to glucose injection (0 min) and at 15,
30, 60, and 120 min after glucose administration.

Gene Expression Analysis

The cortex and hippocampus were isolated on ice and flash-
frozen in liquid nitrogen. RNA was extracted using TRI reagent
according to the manufacturer’s protocols (Sigma—Aldrich/
Merck). DNA was digested with DNase I (Sigma—Aldrich/
Merck). The concentration and purity of RNA were assessed
spectrophotometrically (A260/A280 method). Reverse
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transcription of 4 pg of total RNA was performed with avian
myeloblastosis virus reverse transcriptase and random primers
(High Capacity Reverse Transcription Kit; Applied Biosystems).
Real-time PCR was performed with TagMan Gene Expression
Assay kits on an ABI PRISM 7500 machine (both reagents
and equipment—Applied Biosystems) using specific mouse
primers: Sphkl (Mm00448841_gl), SIprl (Mm02619656_
s1), SIpr3 (Mm02620181_s1), 111b (Mm01336189_m1),
116 Mm00446190_m1), Tnf (MmO00443258_ml), Sirtl
(MmO01168521_m1), Bax (Mm00432051_m1), Adaml0
(Mm00545742_m1), Bacel (Mm00478664_m1), Psen2
(Mm00448413_m1), and Gsk3b (Mm00444911_m1). Each
sample was analyzed in triplicate or quadruplicate. Gene expres-
sion was calculated using the AACt method and normalized
against beta-actin (Actb, Mm00607939_s1).

Statistical Analysis

The mRNA expression levels (RQ), blood glucose levels,
and animal weight are presented as the means + SEMs. Data,
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Fig.2 Effect of a HFD on animal body weight (g) and blood glucose lev-
els. Animal weight from the beginning of the experiment until the glucose
test (a, SD: n=8, HFD: n=16) and during administration of FT'Y720
(b, n=8 per group); IPGTT (c) and AUC (d) after 16 h of fasting (SD:
n="7, HFD: n=7). For statistical comparison, Student’s ¢ test or two-way

@ Springer

depending on experimental design, were analyzed using
Student’s 7 test or analysis of variance (one- or two-way
ANOVA) followed by a post hoc test. The behavioral data
from the OF, EPM, and NOR tests were analyzed by one-
way analysis of variance (ANOVA) with Tukey’s post hoc
test for multiple comparisons. The statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software, San
Diego, CA). Statistical significance was accepted at p <0.05.

Results
Changes in Body Weight and Blood Glucose Levels

The weight of obese mice was significantly higher than
that of SD mice starting at 6 weeks on a HFD (Fig. 2a).
FTY720 significantly reduced the weight of HFD animals,
while HFD mice receiving vehicle continued to gain weight
(Fig. 2b). Fasting blood glucose levels were almost two
times higher compared to the mice that were on a standard
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ANOVA with Sidak’s post hoc test was used. P values <0.05 were consid-
ered statistically significant (*p <0.05; **p<0.01, **¥p<0.001 compared
to the SD mice; *p<0.05; #p<0.01, #p<0.001 HFD+FTY animals
mass compared to the different day of administration; $p<0.05; $p<0.01
HFD animals mass compared to the different day of administration)
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Fig.3 Changes in the mRNA levels of sphingosine kinase 1 (Sphkl)
and receptors of sphingosine-1-phosphate (S/prl and 3) measured
using real-time PCR in the brain: cortex (a) and hippocampus (b)
of control animals on a standard diet (SD), animals receiving only a

diet (Fig. 2¢). During the IPGTT, blood glucose levels
reached peak values at 15 min for SD mice and 15 min
later for HFD mice and then began to decline, reaching
177 mg/dL for SD mice after 120 min and 406 mg/dL for
HFD mice. These results were further supported by the
areas under the curve (AUC) (Fig. 2d).

Changes in Sphk1, S1P Receptors, and Proinflammatory
Cytokine Gene Expression in the Cortex and
Hippocampus of Obese Mouse Brains

In the cortex of obese mouse brains, we observed signifi-
cant upregulation of sphingosine kinase 1 (Sphkl) gene
expression with concomitant reduction of sphingosine-
1-phosphate receptor 1 (S/prl) mRNA levels (Fig. 3a).

Q

mRNA level/ Actb [RQ]

b 116 Tnf

Fig. 4 Changes in the mRNA levels of proinflammatory cytokines /114,
116, and Tnf measured using real-time PCR in the cortex (a) and hip-
pocampus (b) of standard diet (SD), high-fat diet (HFD), and HFD-
fed mice administered FTY720 (HFD+FTY). *p<0.05; **p<0.01;

Sphk1 S1pr1

S1pr3

high-fat diet (HFD) and mice simultaneously treated with FTY720
(HFD+FTY). *p<0.05; **p<0.01 compared to the appropriate
controls (n=15-18 for each gene, 5-7 for each group); ANOVA with
Tukey’s post hoc test

Similar to the changes that we observed in the obese
mouse cortex, the hippocampal expression of Sphkl was
significantly elevated, which was also accompanied by the
downregulation of S/prl (Fig. 3b). The administration of
FTY720 significantly upregulated the expression of SIpr3
in the hippocampus (Fig. 3b). We also observed signifi-
cant upregulation of genes encoding the proinflammatory
cytokines interleukin 1b (//1b), interleukin 6 (/16), and
tumor necrosis factor o (7nf) in the cortex of mice con-
suming a HFD, which was followed by upregulation of
116 and Tnf in the hippocampus (Fig. 4a, b). Fingolimod
significantly reversed changes in mRNA levels in the cor-
tex and reduced /6 mRNA levels, with concomitant slight
downregulation of Tnf gene expression in the hippocampus
(Fig. 4a, b).

(=3
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*#%p <0.001 compared to the appropriate controls (n=15-18 for each
gene, n=>5-6 for each group); ANOVA with Tukey’s post hoc test

@ Springer



1394 P.L.Wencel et al.
a b
1.51 ke * 1.51
g * oo ’—: Il sD g
&, mrir H | @m0 rT
| i CF ol = | = [ HFD+FTY L P - [ &
S 1.0 S 1.0 "
< - < L]
2 g
2 0.5 2 0.5
< < )
=2 =
x x
€ €
0.0- am an e — 0.0- e a am -
Adam10 Bace1 Psen2 Gsk3b Adam10 Bace1 Psen2 Gsk3b

Fig.5 Changes in the mRNA levels of secretases (Adami0, Bacel,
and subunit Psen2) and glycogen synthase kinase-3 beta (Gsk3b)
measured using real-time PCR in the cortex (a) and hippocampus (b)
of standard (SD), high-fat diet (HFD), and HFD mice administered

Changes in APP Metabolism-Related Proteins,
Gsk3p, and Bax Gene Expression in the Cortex
and Hippocampus of Obese Mouse Brains

The mean expression levels of genes encoding beta-secretase
1 (Bacel), presenilin 2 (Psen2), and glycogen synthase
kinase-3 beta (Gsk3b) were significantly higher in the cor-
tex of animals on a HFD compared to control animals (SD)
(Fig. 5a). Only Psen2 expression was significantly upregu-
lated in the hippocampus of obese mice (Fig. 5b). Modula-
tion of SIPRs by FTY720 significantly reversed all these
changes exclusively in the cortex by returning elevated val-
ues to control levels (Fig. 5a). We also observed significantly
increased cortical mRNA levels of Bax, which encodes the
proapoptotic Bcl-2-associated X protein, in mice that were
fed a HFD (Fig. 6a). Moreover, significant elevation of
Gsk3b and pro-apoptotic Bax with accompanying reduc-
tion of pro-survival sirtuin 1 (Sirtl) gene expression was
observed in the hippocampus of HFD mice (Figs. 5b, 6b).

Fig.6 Changes in the mRNA
levels of sirtuin 1 (Sirtl) and
Bcl-2-associated X protein
(Bax) measured using real-time
PCR in the cortex (a) and hip-
pocampus (b) of standard (SD),
high-fat diet (HFD), and HFD
mice administered FTY720
(HFD +FTY). *p<0.05
compared to the appropriate
controls (n=16-18 for each
gene, n=>5-7 for each group);
ANOVA with Tukey’s post hoc
test
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-
Bax

FTY720 (HFD+FTY). *p <0.05; **p <0.01; ***p <0.001 compared
to the appropriate controls (n=16-18 for each gene, n=>5-7 for each
group); ANOVA with Tukey’s post hoc test

Behavioral Tests
Open Field Test

The OF test allows quantification of animal exploration and
various locomotor parameters, e.g., climbing, grooming,
total distance traveled, and velocity. Animals fed a HFD
were hyperactive and exhibited increased motor activity,
but administration of FTY720 reversed this effect. We also
observed an elevation of traveled distance in the OF test in
mice receiving a HFD. After simultaneous administration
of FTY720, behavioral abnormalities in rodents consum-
ing a HFD were reduced, and the parameters returned to
the values observed in animals receiving a standard diet
(Fig. 7a). A similar dependence was observed in velocity—
the speed of movement was higher in only the group on a
HFD (Fig. 7b). Tracking analysis of movement trajectory
and heatmaps that represent weighted occupancy across the
entire 8-min trial showed that in animals, a HFD caused an
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Fig.7 Main OF locomotor parameters for the mice that received a stand-
ard diet (SD, n=10), mice fed a high-fat diet (HFD, n=11), and animals
treated with FTY720 (HFD+FTY, n=7). Animals that received HFD

increase in the number of entries into the central zone of the
apparatus versus other experimental groups (Fig. 8a), but
time spent in the central part of the testing box was compa-
rable in all animals (Fig. 8b). Simultaneously, there were no
significant differences in the amount of defecation, which
indicates a similar level of anxiety in this test among all
experimental groups (data not shown). Likewise, there were
no significant changes between experimental groups in other
parameters of animal activity, such as vertical exploratory
behavior, climbing (Fig. 9a), or grooming (Fig. 9b).
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showed hyperactivity and exhibited increased distance moved (a) and
velocity (b), but administration of FT'Y720 reversed this effect. *HFD vs.
SD, HFD+FTY, p <0.05 (ANOVA with Tukey’s post hoc test)

Novel Object Recognition

In this test, we noticed that a high-fat diet alone and in com-
bination with FTY720 treatment basically did not change the
exploratory behavior in mice both during the familiarization
and the test phase compared to the animals on a standard
diet.

The discrimination index (DI) measures discrimination
between novel and familiar objects and is used to evalu-
ate exploratory and recognition memory in the NOR test.

Fig.8 Frequency in the center a b

zone of the OF apparatus (a), 60+ o = " 200-

time spent in the central part ° | . o

of the testing box (b), and >5 . S 150- .
representative movement trajec- 2 N 407 . 3 o s

tory: track plot and heatmaps— S g : ';=_' . £ § 100+ " -
occupancy plot (¢) of mice that § S 20 =8

received a standard diet (SD, U g 3 504

n=10), mice fed a high-fat diet = =

(HED, n=11), and animals — HFD HFD+FTY = e HFD HFD+FTY
additionally treated with

FTY720 (HFD +FTY, n=17). (o] SD HFD HFD+FTY

**HFD vs. SD, p<0.01 (Tukey
test); ***HFD vs. HFD +FTY,
p<0.001 (ANOVA with
Tukey’s post hoc test)
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Fig.9 Frequency of exploratory a go- b s-
behavior in the OF test: number
of climbs (a) and grooming *
behaviors (b) in mice that o 60 ] o &1 .
received a standard diet (SD, £ - . £ .
n=10), mice fed a high-fat diet S ] — .- E 4
(HFD, n=11), and animals § o o -
additionally treated with %) - 1)
FTY720 (HFD +FTY, n=7) 20+ * 21

0- T 04

SD HFD HFD+FTY SD HFD HFD+FTY

Rodents exhibit a natural proclivity for exploring novelty;
therefore, animals that remember the familiar object will
spend more time exploring the novel object. An increase
in the DI—the most relevant parameter in the NOR test—
means an improvement in memory retention for the familiar
object in animals [38, 39]. In our study, we found no signifi-
cant difference in the main NOR parameters, such as the DI,
the time that mice spent exploring the two identical objects
during the familiarization phase, or the time spent explor-
ing the familiar and new objects during the choice phase
(p>0.05) (Table 1).

In addition, the evaluation of the global time spent
examining the objects during the entire test did not show
any difference between the groups (Table 2). However, a
more in-depth data analysis revealed that the HFD was
accompanied by significant reductions in the Recognition
Index (RI) performance—the time spent investigating the
novel object relative to the total object investigation [30,
33]. In our experiment, animals receiving a SD and HFD
combined with fingolimod exhibited novelty preference
compared to those on a HFD. It is assumed that RI values
greater than 0.50 indicate a novelty preference and thus
recognition memory [32, 40].

Mice on a HFD had a significantly lower RI, consist-
ent with their impaired cognitive function. Simultane-
ous administration of fingolimod caused the recovery of
this parameter to correct values, which may indicate its
neuroprotective properties. A higher RI reflects good rec-
ognition memory, and fingolimod administration amelio-
rates recognition memory deficits in mice consuming a

HFD. There were also differences in the index of global
habituation (GHI)—parameters determined by comparing
the total time spent exploring the two objects during the
familiarization phase to that spent in the test phase. The
GHI allows us to determine the overall level of explora-
tion as well as the side and object preferences [33, 41]. A
higher GHI usually indicates less interest in the objects in
the next trial [42]. The GHI was higher in mice on a HFD,
indicating less interest in the novel object. Normalization
of both parameters in response to fingolimod administra-
tion reflects the therapeutic effect of these drugs in animals
fed an HFD.

Elevated Plus Maze

FTY720 administration influenced the response on the
state-anxiety test. Fingolimod significantly reduced anxiety-
related mouse behavior in the elevated plus maze. Statisti-
cal and tracking analysis of movement trajectory as well
as heatmaps that represent weighted occupancy during the
whole test showed that FTY720 mice exhibited decreased
anxiety-like behavior when compared to the mice fed with
only a HFD and spent more time on the aversive open arms
of the apparatus (Fig. 10a). In turn, the SD and HFD groups
were more anxious and more likely to stay in safe parts of
the maze—closed arms of the apparatus—than animals that
received fingolimod (Fig. 10b). Simultaneously, distance
moved (Fig. 11a) and velocity (Fig. 11b) were comparable
in all animals. The results suggest an anxiolytic effect of
fingolimod without significantly affecting motor activity.

Table 1 Main parameters of the

) A Group Familiarization phase—exploration time Choice phase—exploration time

NQR test for mice on g standard (mean + SEM) (mean + SEM)

diet (SD, n=28) and animals

on a high-fat diet alone (HFD, tyy () tps (S) DI 42 tyq () tg (s) DI,

n=10) and in combination with

FTY treatment (HFD +FTY, SD 6.36 +2.77 891+290 -0.33+0.15 9.01+4.76 27.55+3.17 0.63+0.16

n=7) HFD 11.62+324 2191+6.60 —0.19+022 8.77+2.84 17.15+6.72 0.31+0.12
HFD + FTY 11.18+3.88 7.971+1.86 0.01+0.14 8.79+248 29.32+7.69 0.51+0.10

a1> tan» I time spent exploring individual objects, DI 5o, DI discrimination index
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Table 2 Global parameters of the NOR test for mice on a standard
diet (SD, n=38) and animals on a high-fat diet alone (HFD, n=10)
and in combination with FTY treatment (HFD +FTY, n=7)

Group Global parameters

taaz+ias ) GHI RI
SD 51.82+11.33 0.25+0.05 0.63+0.09
HFD 59.44+15.15 0.60+0.05"" 0.25+0.03"
HFD+FTY  57.26+11.37 0.34+0.07% 0.49+0.04%

ta1a2> tarp total time spent in exploration of both objects, GHI global
habituation index, RI recognition index

“ HFD vs. SD, p<0.01; ““HFD vs. SD, p<0.001; “HFD 4+ FTY vs.
HFD, p <0.05; *HFD+FTY vs. HFD, p<0.01 (ANOVA with Tuk-
ey’s post hoc test)

Discussion

Bioactive lipids are key components of cell membranes that
control cellular transport and signaling. While the role of cera-
mide in the development of obesity and T2DM is quite exten-
sively studied, the role of S1P and its receptors is ambiguous,
especially when its function depends on location, cell type,
and different S1P receptor subtype expression and signaling
(i.e., intracellular, extracellular). SPHKI, the key enzyme in
S1P metabolism, is involved in various biological processes,

Fig. 10 Arm exploration in
EPM for the mice that received
a standard diet (SD, n=11),
mice fed with a high-fat diet
(HFD, n=10), and animals
treated additionally with
FTY720 (HFD +FTY, n="7).
Time spent in the open arms (a)
and closed arms (b) of the EPM
apparatus. Representative move-
ment trajectory of mice: track
plot and heatmaps—occupancy
plot (¢). *HFD+FTY vs. SD,
HFD, p <0.05 ( ANOVA with
Tukey’s post hoc test)
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including inflammation, atherosclerosis, and angiogenesis.
A growing body of research emphasizes the role of SPHK1
in regulating glucose and fat metabolism and suggests its
potential use as a promising therapeutic target for obesity and
T2DM [43]. Unfortunately, the exact role of SPHKs/S1P in
obesity and T2DM is still obscure, and there are many con-
trasting results from research on animal models. Furthermore,
elevated plasma S1P levels are also positively associated with
obesity in humans [44]. In the present study, we observed
significantly elevated gene expression of Sphk! in both the
cortex and hippocampus of HFD mice. These results corre-
spond with other studies on HFD animals, where elevated
Sphkl1 levels were found in other tissues [43, 45]. Mice lack-
ing SPHK 1 (SK1%%9) in adipose tissue (AT) after 18 weeks
of HFD challenge exhibited impaired glucose tolerance as
well as dysregulation of lipolysis and impairment of lipolytic
machinery in adipocytes and adipose explants [46]. Other
studies have shown that SphK1 overexpression in obese mice
promoted hepatic lipid accumulation, whereas its downregu-
lation prevented hepatic steatosis [47]. Furthermore, SPHK1
deficiency in obese mice increased markers of adipogenesis
and adiponectin, reduced the expression of proinflammatory
cytokines (TNF-a and IL-6), enhanced adipose and muscle
insulin signaling, and improved systemic insulin sensitivity
and glucose tolerance [48]. On the other hand, KK/Ay diabetic

o
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B
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in closed arm [s]
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Fig. 11 Distance moved (a) and
velocity (b) in the EPM for the
mice that received a standard
diet (SD, n=11), mice fed with

a high-fat diet (HFD, n=10),
and animals treated addition-
ally with FTY720 (HFD +FTY,
n="7)

1- -ip

0.5

Distance moved [m] o

0.0-

SD HFD

mice injected with SPHK revealed the potent hypoglycemic
effect of SPHK1 that can improve lipid profiles in type 2 dia-
betic mice and activate Akt, inactivate GSK3p, and increase
glycogen accumulation [49]. Taken together, these data indi-
cate that SPHK1 alteration plays an important role in the regu-
lation of inflammatory processes and glucose homeostasis.
In our study, we mainly focused on S1PR1 and S1PR3,
which are primarily expressed in the immune, cardiovas-
cular, and central nervous systems. Knowledge about the
function of S1PR3 in the brain is rather unclear, but a recent
study revealed that STPR3 might contribute to the modula-
tion of neuronal excitability and synaptic transmission by
S1P. Our work showed that the mRNA levels of Siprl were
significantly downregulated in the brains of obese mice in
both the cortex and hippocampus, while the gene expression
of S1pr3 remained unaltered. At the same time, a significant
increase in S1pr3 was observed after FTY720 administration
in the hippocampus, and a slight increase in gene expression
was observed in the cortex of obese mice. The administration
of fingolimod did not alter S/pr/ mRNA levels, although it
is being reported as an agonist of SIPR1 and S1PR3. This
may be because fingolimod acts as a functional antagonist at
S1PR1, internalizing and downregulating the receptor, which
was found on lymphocytes [50, 51]. Chakrabarty et al., in
a study on HFD mice, suggested that FTY720 appears to
be a true agonist of SIPR3 [52]. Transgenic mice lacking
S1PR3 showed a significant impairment in appetitively
motivated spatial working memory in the T-maze test [53].
The elevation of SI/pr3 mRNA expression after FTY720
observed in the present study corresponds with a previous
report, where FTY720 administration to HFD mice signifi-
cantly upregulated the gene expression of S/pr3. Moreover,
improved glucose tolerance and insulin-stimulated skeletal
muscle glucose uptake and reduced HFD-induced skeletal
muscle ceramide accumulation were observed [54]. S1P and
its receptors may be involved in the dendritic cell inflamma-
tory response, especially via SIPR3. Niessen et al. revealed
that protease-activated receptor 1 (PAR1) signaling ampli-
fies inflammation through SphK1-S1PR3 signaling crosstalk
[26]. Moreover, these authors observed that inflammatory
exacerbation was attenuated in mice lacking SphK1 after
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lipopolysaccharide (LPS) challenge. This effect was compa-
rable to that observed in PAR17/™ mice and SIPR37/™ mice,
which showed similar attenuated levels of cytokines. In con-
trast, Chakrabarty et al. recently revealed that the mRNA
levels of SIPR3 are increased in the AT of HFD-induced
obese mice, whereas adiposity and glucose homeostasis
were impaired in mice deficient in SIPR3, and adipose
tissue inflammation and immune cell accumulation were
elevated with accompanying hepatic steatosis and inflam-
mation [52]. Moreover, loss of this receptor in combina-
tion with a HFD resulted in increased expression of TNF-a
and monocyte chemoattractant protein 1 (MCP1), while no
changes were observed for IL-6. Interestingly, the expres-
sion of S1PR2 was significantly elevated, which may suggest
that SIPR2 exacerbates metabolic/inflammatory dysfunction
[52, 55]. These observations indicate the importance of a
HFD in the induction of the inflammatory response, which
may be SIPR3 dependent. Interestingly, Corbett et al. found
that SIPR3 mRNA correlates negatively with the severity
of posttraumatic stress disorder (PTSD) symptoms and may
provide the groundwork for the development of treatment
strategies targeting sphingolipid receptors for stress-related
psychiatric disorders, including PTSD, anxiety, and depres-
sion [56]. The authors found that SIPR3 reduces stress-
induced increases in inflammatory cytokines, specifically
TNF-a, and regulates medial prefrontal cortex network
activity to promote resilience to repeated stress [56]. In the
present work, we observed a significant increase in 7/6 and
Tnf mRNA levels in both the cortex and hippocampus and
an increase in /11 in the cortex of obese mice. These results
correspond with other studies showing elevated plasma con-
centrations of lipids and cytokines (including IL-1, IL-6,
IFN-y, MCP1, and TNF-a) and decreased lipid metabolism-
related enzymatic activities in mice fed a HFD for 16 weeks
[57]. Our data on HFD mice showed anxiety-like behavior.
This may suggest that the upregulation of cytokine expres-
sion contributes to obesity-related anxiety-like behavior.
TNF-a and IL-1p have been previously shown to induce
anxiety-like behavior during the EPM test in rodents [58].
Consistent with our results, Almeida-Suhett et al. found
that 16-week HFD-fed mice displayed signs of anxiety-like
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behavior, and those changes were associated with increased
IL-1p levels in different brain regions, but mostly in the
amygdala and hippocampus [59]. Mazzoli et al. revealed
that there are many similar changes that are present in both
AT and key brain areas responsible for learning and memory
(frontal cortex and hippocampus) in rats fed a Western diet,
including an increase in TNF-a levels and a reduction in
adiponectin and brain-derived neurotrophic factor (BDNF)
levels [60]. Interestingly, intrahippocampal delivery of an
IL1 receptor antagonist prevented synaptic dysfunction, pro-
inflammatory priming, and cognitive impairment in db/db
mice [61]. These findings suggest that the use of inhibitors
of proinflammatory cytokines might have anxiolytic efficacy.
In the present study, we observed a reduction in proinflam-
matory cytokine mRNA levels in the brains of HFD mice
after FT'Y720 administration. Simultaneously, a significant
decrease in anxiety-like behaviors in obese mice after fin-
golimod treatment was observed.

Since obesity is closely related to T2DM, and Alzheimer’s
disease (AD) is also recognized as “type III diabetes,” we
checked the expression of genes encoding proteins that
are involved in amyloid-beta (AP) generation (ADAM10,
BACEI1, PSEN2, and GSK3p) [62]. AP and hyperphospho-
rylated tau protein are characteristic features of AD. The
AP peptide is generated in the amyloidogenic pathway via
proteolytic cleavage of APP by (- and y-secretase. Its aggre-
gates are known to have several neurotoxic effects, including
oxidative stress, inflammation, and apoptosis. GSK3f is a
serine/threonine protein kinase mainly located in the cyto-
plasm and is known for its involvement in the phosphoryla-
tion of tau protein. An emerging body of evidence highly
implicates GSK3 signaling in metabolic diseases. GSK3p
is also involved in the phosphorylation of ABPP. Blockade
of the GSK3p pathway in APP transgenic mice resulted in
areduction in AP production and amyloid plaque load [63].
GSK3p may reduce the activity of the a-secretase complex
and alter the localization and function of presenilin 1 [64,
65]. In the present work, we observed a significant increase
in the mRNA levels of genes encoding BACE1, PSEN2, and
GSK3p. Moreover, administration of FTY720 significantly
reduced Bacel and Psen2 mRNA levels and downregulated
the gene expression of Gsk3b in the cortex of obese mice.
This may be due to the phosphorylation of Akt and inhibi-
tion of GSK3a/p activation, which was previously observed
in animals fed a HFD administered FTY720 [66]. A recent
study involving a GSK3 inhibitor revealed that GSK3 modu-
lates obesity-induced visceral adipose tissue (VAT) inflam-
mation and that its inhibition has anti-inflammatory effects
in an animal model of obesity [67]. In addition, conditional
global deletion of GSK3f protected animals from HFD-
induced glucose intolerance, but this effect weakened after
chronic HFD consumption [68]. The impact of FTY720 on
the expression and activity of secretases involved in APP

metabolism as well as A levels has been presented in other
studies carried out on animal models of AD [69, 70].

Consumption of a HFD induces histone deacetylase
(HDAC) activity [71]. We showed significantly decreased
hippocampal mRNA levels of sirtuin 1 (SIRT1) in obese
mice. SIRT1 is an NAD*-dependent protein deacetylase
(class IIT HDAC) that modulates many cellular processes
by regulating transcription factors such as FOXO, NF-xB,
and p53. Activation of SIRT1 protects HFD mice against
negative metabolic consequences by induction of antioxidant
proteins and inhibition of proinflammatory cytokines, such
as TNF-a and IL-6 via downmodulation of NF-kB activ-
ity [72]. The importance of SIRT1 has been recognized in
obesity and related disorders, especially when its levels are
reduced in white AT of HFD mice because it is cleaved by
inflammation-activated caspases [73]. SIRT1 also improves
glucose uptake in insulin-resistant adipocytes, promotes
lipid metabolism and mitochondrial biogenesis in adipo-
cytes, and coordinates adipogenesis by regulating leptin
and adiponectin expression [74, 75]. Moreover, SIRT1 pro-
tects against neurodegeneration in AD models by transcrip-
tional activation of the ADAM10 protein, which possesses
a-secretase activity on APP [76-78]. SIRT1 also mitigates
elevated A levels, Af toxicity, and associated inflammatory
processes by reducing the NF-kB-mediated transcription of
BACEI1 [79]. The observed reduction in Sirt/ gene expres-
sion, which was present in HFD mice, may be coresponsi-
ble for alterations in pro-inflammatory protein expression
and pro-apoptotic Bax encoding genes as well as BACEI,
PSEN2, and GSK3§.

In the present study, we also found disturbances in spa-
tially guided exploratory behavior and recognition memory
in mice that were fed a HFD during the NOR test, which
measures hippocampus-independent memory. We also
observed elevated glucose levels in obese animals compared
to mice that were fed a standard diet. The obtained results
may suggest that impaired glucose levels in obese mice are
responsible for memory dysfunction and molecular altera-
tions in proinflammatory cytokines, genes encoding proteins
that are involved in APP metabolism (BACE1, PSEN2) and
SPHK1, GSK3p, and S1PR gene expression. Moreover, we
also observed a reduction in SIRT1 expression in the hip-
pocampus that was accompanied by a decrease in recogni-
tion memory. Heyward et al. suggest that obesity induced
by a HFD disrupts memory through a mechanism involv-
ing the neuroepigenetic dysregulation of Sirtl. The authors
indicate that SIRT1 plays a central role in the pathogenesis
of obesity-linked memory impairment and that administra-
tion of a SIRT1 activator (resveratrol) averts the manifes-
tation of memory impairment in obese mice [80]. Cogni-
tive impairment, represented by reduced place recognition
memory that is accompanied by hippocampal upregulation
of mRNA levels of IL-1p, IL-6, and TNF-a, has also been
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recently observed in HFD and fiber-deficient diet mice [81].
Other studies have also shown impairment of memory after
6 weeks of HFD consumption [82]. Similarly, a rapid defi-
cit in spatial recognition memory after 9 weeks, which was
followed by an enhancement of anxiety-like behavior after
18 weeks, has been reported in C57BL/6 J male mice that
were fed a western diet [83]. In the present study, FTY720
significantly reduced HFD mouse weight, which corresponds
to a previous observation where a drug was found to reduce
mouse weight gain and additionally reverse insulin resist-
ance and inflammation [21]. Moreover, the administration
of FTY720 improved exploratory and recognition memory
parameters in obese mice fed a HFD. Similar observations
were reported in the rodent model of AD, where administra-
tion of fingolimod reduced ceramide levels, inflammation,
and AP concentration in the cortex of transgenic E4AFAD
mice and prevented memory impairment [70].

A study by Yoshizaki et al. revealed that 7 weeks of
HFD feeding increased hyperlocomotion/exploratory activ-
ity and anhedonia-like behavior in the sucrose consump-
tion test [84]. Deng et al. showed that mice fed a HFD for
11 weeks had a marked aggravation of repetitive behaviors
(marble burying and self-grooming) and an increased the
total distance traveled in the OF test [85]. These results are
consistent with our study, as we also observed significantly
increased locomotor activity as well as elevated frequency in
the central zone of the apparatus during the OF test, which
was exclusively present in animals fed a HFD. Another study
revealed elevated activity of animals consuming a HFD,
but this effect was mostly present during the early period of
diet consumption (ca. 2nd week) [86]. Authors suggest that
short-term administration of an HFD is significantly associ-
ated with behavioral abnormalities but does not impact cog-
nitive impairment. However, other researchers noticed that
spontaneous locomotor activity was not affected by a HFD
or by a high-fat/high-advanced glycation end-product (AGE)
diet [87, 88]. There are also reports showing a reduction in
locomotor activity in obese animals [89, 90]. The observed
differences in this parameter may be due to different animal
ages, species, or the time of HFD exposure. Mifune et al.
suggest that diet-induced obesity per se might lead to altered
circadian behavioral and molecular rhythms that result in
disrupted locomotor activity and increase during the light
period and decrease during the dark period [91]. We also did
not observe any difference in time spent in the central zone
during the OF test, which corresponds to previous results
[92], but Gainey et al. revealed that the time spent in the
central zone during the OF test might depend on the duration
of HFD consumption [82].

No differences in exploration time and time spent in the
open arms of the EPM were observed in HFD mice com-
pared to control animals, which corresponds to previous
observations [85, 92]. However, Deng et al. noticed that
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HFD-fed mice entered into the open arms more times than
control (nonobese) animals, which suggests that a HFD
induces anxiety-like behavior [85]. In our study, the adminis-
tration of FTY720 significantly increased the time that HFD-
fed mice spent exploring the open arms of the EPM. Simul-
taneously, the drug decreased the time spent in the closed
arms. In view of the above, it is reasonably safe to conclude
that FT'Y720 administration decreased anxiety-like behavior
in HFD mice in the EPM test. These results correspond with
other studies demonstrating that FTY720 exerts anxiolytic
and antidepressant-like effects in mice subjected to chronic
unpredictable stress. Moreover, S1PR modulator reduced
the severity of clinical signs and anxiety-related behavior
in experimental autoimmune encephalomyelitis and in a
rodent model of AD as well as improved health-related qual-
ity of life and depression in patients with relapsing MS [70,
93-96]. Administration of fingolimod even prevents hip-
pocampal memory dysfunction and anxiety-like behavior,
the severity of seizures, and related inflammation in rats pre-
viously subjected to hypoxia-induced neonatal seizures [97].
A recent study suggests that the reduction in social anxiety-
and despair-like behavior in rats after FTY720 treatment
may be attributed to reduced mRNA levels of angiopoietin 1,
endothelin 1, plasminogen, transforming growth factor beta
2, and matrix metallopeptidase 2 in the medial prefrontal
cortex and, consequently, decreased vascular remodeling
after drug treatment [98]. Obesity can lead to remodeling of
the microvasculature, especially within the hypothalamus,
a part of the brain that is involved in the neuroendocrine
aspect of stress and anxiety. Furthermore, during HFD feed-
ing, local astrocytes and the vasculature in the hypothalamus
undergo profound pathological changes that are not found
elsewhere in the brain [99].

In the current work, we have shown that obesity signifi-
cantly elevated glucose and mRNA levels of Bacel, Psen2,
Gsk3b, Sphkl, and Bax as well as pro-inflammatory /115,
116, and Tnf, which was accompanied by downregulation of
S1prl and pro-survival and anti-amyloidogenic Sirtl. More-
over, locomotor activity and behavioral parameters reflecting
a form of spatial and episodic memory, such as spatially
guided exploratory behavior and recognition, were impaired.
Administration of FTY720 significantly reduced the weight
of HFD animals. Simultaneously, the modulation of SIPRs
by fingolimod reversed alterations in the expression of the
cytokines, Bacel, Psen2, and Gsk3b that occurred in the
brains of obese mice, significantly elevated S/pr3 mRNA
levels, and restored normal behavior patterns as well as
cognitive functions; the effect of FTY720 on behavior was
still present 4—6 days after administration of the last dose
(Fig. 12). Another important action of the drug observed
in the study is the anxiolytic effect. Reversal of behavioral
and cognitive deficits in this animal model of obesity may
suggest a beneficial effect of fingolimod on CNS function.
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Fig. 12 Schematic representation of changes in the transcriptional
profile of sphingosine kinase 1, receptors of SI1P, inflammatory-
related genes, genes encoding BACEI, PSEN2, GSK3, prosurvival
sirtuin 1, and proapoptotic BAX protein in the cortex (left panel) and

Abbreviations AD: Alzheimer’s disease; AGE: Advanced glycation
end-products; AT: Adipose tissue; Af: Amyloid-beta peptide;
AUC: Area under curve; Bacel: Beta-secretase 1; Bax: Bcl-
2-associated X; BDNF: Brain-derived neurotrophic factor;
Cer: Ceramide; CNS: Central nervous system; DI: Discrimination
index; EPM: Elevated plus maze test; FTY720: Fingolimod, FTY;
GHI: Global habituation index; GSK3p: Glycogen synthase kinase 3f3;
HDAC: Histone deacetylases; HFD: High-fat diet; IL-1f: Interleukin
1b; IL-6: Interleukin 6; IPGTT: Intraperitoneal glucose tolerance test;
MCP1: Monocyte chemoattractant protein 1; MS: Multiple sclerosis;
NOR: Novel object recognition test; OF: Open field; PAR1: Protease-
activated receptor 1; Psen2: Presenilin 2; PTSD: Post-traumatic stress
disorder; RI: Recognition index; S1P: Sphingosine-1-phosphate;
S1PR: Sphingosine-1-phosphate receptor; SD: Standard diet;
SIRT1: Sirtuin 1; SPHK: Sphingosine kinase; T2DM: Type 2 diabetes
mellitus; TNF-a: Tumor necrosis factor o

Acknowledgements The work was supported by the National Science
Centre, Poland (NCN) grant no. 2018/29/N/NZ4/00616.

Author Contribution Conceptualization and formal analysis (PLW
and RPS); methodology and investigation (PLW, RPS); validation,
resources (PLW); supervision (PLW and RPS); project administration
and funding acquisition (PLW); data curation (PLW, KBK, and RPS);
behavioral studies (PLW, KBK, DMG, JP, and AP); writing—original
draft preparation (PLW and KBK). Writing—review and editing (PLW
and RPS); visualization (PLW and KBK). All authors contributed to
the article and approved the submitted version.

Created with BioRender.com *

"3
£
s
5

| |
- N

/
— | Immunomodulation, proliferation, survival I |

| |

| Inflammation |

Improvement of
exploratory behavior
‘ and recognition
memory

1I-6] |

d

hippocampus (right panel) of a mouse model of obesity/prediabetes.
The effect of fingolimod (bottom green panels) (created with Biore
nder.com)

Data Availability The data that support the findings of this study are
available from the corresponding author upon request.

Declarations
Conflict of Interest None.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pinchevsky Y, Butkow N, Raal FJ, Chirwa T, Rothberg A. Demo-
graphic and clinical factors associated with development of type 2
diabetes: a review of the literature. Int J] Gen Med. 2020;13:121-9.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://www.Biorender.com
https://www.Biorender.com

1402 P. L. Wencel et al.
2. Apovian CM, Okemah J, O’Neil PM. Body weight considerations 21. Kendall MR, Hupfeld CJ. FTY720, a sphingosine-1-phosphate
in the management of type 2 diabetes. Adv Ther. 2019;36(1):44-58. receptor modulator, reverses high-fat diet-induced weight gain,

3. LiZ-Y,MaT, YuY, HuB, Han Y, Xie H, et al. Changes of brain insulin resistance and adipose tissue inflammation in C57BL/6
function in patients with type 2 diabetes mellitus measured by mice. Diabetes Obes Metab. 2008;10(9):802-5.
different analysis methods: a new coordinate-based meta-analysis 22. Reali F, Morine MJ, Kahramanogullar1 O, Raichur S, Schneider
of neuroimaging. Front Neurol. 2022;13. H-C, Crowther D, et al. Mechanistic interplay between ceramide

4. Roy B, Ehlert L, Mullur R, Freeby MJ, Woo MA, Kumar R, et al. and insulin resistance. Sci Rep. 2017;7:41231.

Regional brain gray matter changes in patients with type 2 diabe- 23. Samad F, Hester KD, Yang G, Hannun YA, Bielawski J. Altered
tes mellitus. Sci Rep. 2020;10(1):9925. adipose and plasma sphingolipid metabolism in obesity: a poten-

5. Wimberley T, Horsdal HT, Brikell I, Laursen TM, Astrup A, tial mechanism for cardiovascular and metabolic risk. Diabetes.
Fanelli G, et al. Temporally ordered associations between type 2006;55(9):2579-87.

2 diabetes and brain disorders — a Danish register-based cohort 24. Kowalski GM, Carey AL, Selathurai A, Kingwell BA, Bruce CR.
study. BMC Psychiatry. 2022;22(1):573. Plasma sphingosine-1-phosphate is elevated in obesity. PLoS

6. Lloret A, Monllor P, Esteve D, Cervera-Ferri A, Lloret MA. ONE. 2013;8(9): €72449.

Obesity as a risk factor for Alzheimer’s disease: implication of 25. Zhang W, An J, Jawadi H, Siow DL, Lee J-F, Zhao J, et al.
leptin and glutamate. Front Neurosci. 2019;13:508. Sphingosine-1-phosphate receptor-2 mediated NFkB activation

7. Alford S, Patel D, Perakakis N, Mantzoros CS. Obesity as a risk contributes to tumor necrosis factor-a induced VCAM-1 and
factor for Alzheimer’s disease: weighing the evidence. Obes ICAM-1 expression in endothelial cells. Prostaglandins Other
Rev. 2018;19(2):269-80. Lipid Mediat. 2013;106:62-71.

8. Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M, Kéreholt I, 26. Niessen F, Schaffner F, Furlan-Freguia C, Pawlinski R, Bhattacharjee
Winblad B, et al. Obesity and vascular risk factors at midlife G, ChunJ, et al. Dendritic cell PAR1-S1P3 signalling couples coagu-
and the risk of dementia and Alzheimer disease. Arch Neurol. lation and inflammation. Nature. 2008;452(7187):654-8.
2005;62(10):1556-60. 27. Hall CS. Emotional behavior in the rat. I. Defecation and urina-

9. Stolarczyk E. Adipose tissue inflammation in obesity: a metabolic tion as measures of individual differences in emotionality. J Comp
or immune response? Curr Opin Pharmacol. 2017;37:35-40. Psychol. 1934;18:385-403.

10. Parimisetty A, Dorsemans AC, Awada R, Ravanan P, Diotel N, 28. Ennaceur A. One-trial object recognition in rats and mice: methodo-
Lefebvre DC. Secret talk between adipose tissue and central nerv- logical and theoretical issues. Behav Brain Res. 2010;215(2):244-54.
ous system via secreted factors—an emerging frontier in the neu- 29. Akkerman S, Blokland A, Reneerkens O, van Goethem NP, Bollen
rodegenerative research. J Neuroinflammation. 2016;13(1):67. E, Gijselaers HJ, et al. Object recognition testing: methodological

11. MehlaJ, Chauhan BC, Chauhan NB. Experimental induction of type considerations on exploration and discrimination measures. Behav
2 diabetes in aging-accelerated mice triggered Alzheimer-like pathol- Brain Res. 2012;232(2):335-47.
ogy and memory deficits. J Alzheimers Dis. 2014;39(1):145-62. 30. Antunes M, Biala G. The novel object recognition memory: neu-

12. Kang S-C, Kim B-R, Lee S-Y, Park T-S. Sphingolipid metabolism robiology, test procedure, and its modifications. Cogn Process.
and obesity-induced inflammation. Front Endocrinol. 2013;4:67-. 2012;13(2):93-110.

13. Chakrabarti SS, Bir A, Poddar J, Sinha M, Ganguly A, Chakrabarti 31. Leger M, Quiedeville A, Bouet V, Haelewyn B, Boulouard M,
S. Ceramide and sphingosine-1-phosphate in cell death pathways : Schumann-Bard P, et al. Object recognition test in mice. Nat Pro-
relevance to the pathogenesis of Alzheimer’s disease. Curr Alzhei- toc. 2013;8(12):2531-7.
mer Res. 2016;13(11):1232-48. 32. Lueptow LM. Novel object recognition test for the investigation

14. Espaillat MP, Shamseddine AA, Adada MM, Hannun YA, Obeid of learning and memory in mice. J Vis Exp: JoVE. 2017(126).
LM. Ceramide and sphingosine-1-phosphate in cancer, two faces 33. Blecharz-Klin K, Wawer A, Jawna-Zboiniska K, Pyrzanowska J,
of the sphinx. Transl Cancer Res. 2015;4(5):484-99. Piechal A, Mirowska-Guzel D, et al. Early paracetamol exposure

15. Foster CA, Howard LM, Schweitzer A, Persohn E, Hiestand PC, decreases brain-derived neurotrophic factor (BDNF) in striatum
Balatoni B, et al. Brain penetration of the oral immunomodula- and affects social behaviour and exploration in rats. Pharmacol
tory drug FTY720 and its phosphorylation in the central nervous Biochem Behav. 2018;168:25-32.
system during experimental autoimmune encephalomyelitis: con- 34. Kizysztoforska K, Piechal A, Wojnar E, Blecharz-Klin K, Pyrzanowska
sequences for mode of action in multiple sclerosis. J Pharmacol J, Joniec-Maciejak I, et al. Protocatechuic acid prevents some of
Exp Ther. 2007;323(2):469-75. the memory-related behavioural and neurotransmitter changes in a

16. Yanagida K, Liu CH, Faraco G, Galvani S, Smith HK, Burg N, pyrithiamine-induced thiamine deficiency model of Wernicke-
et al. Size-selective opening of the blood-brain barrier by targeting Korsakoff syndrome in rats. Nutrients. 2023;15(3).
endothelial sphingosine 1-phosphate receptor 1. Proc Natl Acad 35. Dere E, Huston JP, De Souza Silva MA. Integrated memory for
Sci U S A. 2017;114(17):4531-6. objects, places, and temporal order: evidence for episodic-like

17. Anastasiadou S, Knoll B. The multiple sclerosis drug fingolimod memory in mice. Neurobiol Learn Mem. 2005;84(3):214-21.
(FTY720) stimulates neuronal gene expression, axonal growth and 36. Oliveira AM, Hawk JD, Abel T, Havekes R. Post-training revers-
regeneration. Exp Neurol. 2016;279:243-60. ible inactivation of the hippocampus enhances novel object

18. Jgsko H, Wencel PL, Wojtowicz S, Strosznajder J, Lukiw WJ, recognition memory. Learn Mem (Cold Spring Harbor, NY).
Strosznajder RP. Fingolimod affects transcription of genes encod- 2010;17(3):155-60.
ing enzymes of ceramide metabolism in animal model of Alzhei- 37. Handley SL, Mithani S. Effects of alpha-adrenoceptor agonists and
mer’s disease. Mol Neurobiol. 2020;57(6):2799-811. antagonists in a maze-exploration model of ‘fear’-motivated behav-

19. Jesko H, Wencel PL, Lukiw WJ, Strosznajder RP. Modulatory iour. Naunyn Schmiedebergs Arch Pharmacol. 1984;327(1):1-5.
effects of fingolimod (FT'Y720) on the expression of sphingolipid 38. Berlyne DE. Novelty and curiosity as determinants of exploratory
metabolism-related genes in an animal model of Alzheimer’s dis- behaviour. Br J Psychol Gen Sect. 1950;41(1-2):68-80.
ease. Mol Neurobiol. 2019;56(1):174-85. 39. Xu TT, Li H, Dai Z, Lau GK, Li BY, Zhu WL, et al. Spermidine

20. Zhao Z, Choi J, Zhao C, Ma ZA. FTY720 normalizes hypergly- and spermine delay brain aging by inducing autophagy in SAMPS8
cemia by stimulating B-cell in vivo regeneration in db/db mice mice. Aging. 2020;12(7):6401-14.
through regulation of cyclin D3 and p57(KIP2). J Biol Chem. 40. Joung S, Fil JE, Heckmann AB, Kvistgaard AS, Dilger RN.

2012;287(8):5562-73.

@ Springer

Early-life supplementation of bovine milk osteopontin supports



Fingolimod Modulates the Gene Expression of Proteins Engaged in Inflammation and Amyloid-Beta...

1403

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

neurodevelopment and influences exploratory behavior. Nutrients.
2020;12(8).

Ennaceur A, Delacour J. A new one-trial test for neurobiological
studies of memory in rats. 1: Behavioral data. Behav Brain Res.
1988;31(1):47-59.

Blecharz-Klin K, Swierczyﬁska M, Piechal A, Wawer A, Joniec-
Maciejak I, Pyrzanowska J, et al. Infection with intestinal hel-
minth (Hymenolepis diminuta) impacts exploratory behavior and
cognitive processes in rats by changing the central level of neuro-
transmitters. PLoS Pathog. 2022;18(3):¢1010330.

Nagahashi M, Yamada A, Katsuta E, Aoyagi T, Huang W-C,
Terracina KP, et al. Targeting the SphK1/S1P/S1PR1 axis that
links obesity, chronic inflammation, and breast cancer metas-
tasis. Can Res. 2018;78(7):1713-25.

Ito S, Iwaki S, Koike K, Yuda Y, Nagasaki A, Ohkawa R,
et al. Increased plasma sphingosine-1-phosphate in obese indi-
viduals and its capacity to increase the expression of plasmi-
nogen activator inhibitor-1 in adipocytes. Coron Artery Dis.
2013;24(8):642-50.

Mastrocola R, Dal Bello F, Cento AS, Gaens K, Collotta D,
Aragno M, et al. Altered hepatic sphingolipid metabolism in
insulin resistant mice: role of advanced glycation endproducts.
Free Radical Biol Med. 2021;169:425-35.

Anderson AK, Lambert JM, Montefusco DJ, Tran BN, Roddy P,
Holland WL, et al. Depletion of adipocyte sphingosine kinase 1
leads to cell hypertrophy impaired lipolysis and nonalcoholic fatty
liver disease Journal of Lipid Research. 2020; 61(10):1328—-40.
Chen J, Wang W, Qi Y, Kaczorowski D, McCaughan GW, Gamble
JR, et al. Deletion of sphingosine kinase 1 ameliorates hepatic
steatosis in diet-induced obese mice: role of PPARy. Biochim
Biophys Acta Mol Cell Biol Lipids. 2016;1861(2):138—47.
Wang J, Badeanlou L, Bielawski J, Ciaraldi TP, Samad F.
Sphingosine kinase 1 regulates adipose proinflammatory responses
and insulin resistance. Am J Physiol Endocrinol Metab. 2014;
306(7):E756-68.

Ma MM, Chen JL, Wang GG, Wang H, Lu Y, Li JF, et al. Sphingo-
sine kinase 1 participates in insulin signalling and regulates glucose
metabolism and homeostasis in KK/Ay diabetic mice. Diabetologia.
2007;50(4):891-900.

Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y,
Brinkmann V, et al. Lymphocyte egress from thymus and periph-
eral lymphoid organs is dependent on S1P receptor 1. Nature.
2004;427(6972):355-60.

Chiba K, Matsuyuki H, Maeda Y, Sugahara K. Role of sphin-
gosine 1-phosphate receptor type 1 in lymphocyte egress from
secondary lymphoid tissues and thymus. Cell Mol Immunol.
2006;3(1):11-9.

Chakrabarty S, Bui Q, Badeanlou L, Hester K, Chun J, Ruf
W, et al. SIP/S1PR3 signalling axis protects against obesity-
induced metabolic dysfunction. Adipocyte. 2022;11(1):69-83.
Weth-Malsch D, Langeslag M, Beroukas D, Zangrandi L,
Kastenberger I, Quarta S, et al. Ablation of sphingosine 1-phosphate
receptor subtype 3 impairs hippocampal neuron excitability
in vitro and spatial working memory in vivo. Front Cell Neuro-
sci. 2016;10:258.

Bruce CR, Risis S, Babb JR, Yang C, Lee-Young RS, Henstridge
DC, et al. The sphingosine-1-phosphate analog FTY720 reduces
muscle ceramide content and improves glucose tolerance in high
fat-fed male mice. Endocrinology. 2013;154(1):65-76.

Kitada Y, Kajita K, Taguchi K, Mori I, Yamauchi M, Ikeda T, et al.
Blockade of sphingosine 1-phosphate receptor 2 signaling attenu-
ates high-fat diet-induced adipocyte hypertrophy and systemic
glucose intolerance in mice. Endocrinology. 2016;157(5):1839-51.
Corbett BF, Luz S, Arner J, Pearson-Leary J, Sengupta A, Taylor
D, et al. Sphingosine-1-phosphate receptor 3 in the medial prefrontal

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

cortex promotes stress resilience by reducing inflammatory pro-
cesses. Nat Commun. 2019;10(1):3146.

Han Y, Kwon E-Y, Choi M-S. Anti-diabetic effects of allulose
in diet-induced obese mice via regulation of mRNA expres-
sion and alteration of the microbiome composition. Nutrients.
2020;12(7):2113.

Connor TJ, Song C, Leonard BE, Merali Z, Anisman H. An
assessment of the effects of central interleukin-1beta, -2, -6, and
tumor necrosis factor-alpha administration on some behavioural,
neurochemical, endocrine and immune parameters in the rat. Neu-
roscience. 1998;84(3):923-33.

Almeida-Suhett CP, Graham A, Chen Y, Deuster P. Behav-
ioral changes in male mice fed a high-fat diet are associated
with IL-1p expression in specific brain regions. Physiol Behav.
2017;169:130-40.

Mazzoli A, Spagnuolo MS, Gatto C, Nazzaro M, Cancelliere R,
Crescenzo R, et al. Adipose tissue and brain metabolic responses
to western diet—is there a similarity between the two? Int J Mol
Sci. 2020;21(3).

Erion JR, Wosiski-Kuhn M, Dey A, Hao S, Davis CL, Pollock
NK, et al. Obesity elicits interleukin 1-mediated deficits in hip-
pocampal synaptic plasticity. J Neurosci. 2014;34(7):2618-31.
de la Monte SM, Wands JR. Alzheimer’s disease is type 3 dia-
betes—evidence reviewed. J Diabetes Sci Technol. 2008;2(6):
1101-13.

Rockenstein E, Torrance M, Adame A, Mante M, Bar-on P, Rose JB,
et al. Neuroprotective effects of regulators of the glycogen synthase
kinase-3p signaling pathway in a transgenic model of Alzheimer’s
disease are associated with reduced amyloid precursor protein phos-
phorylation. J Neurosci. 2007;27(8):1981-91.

Uemura K, Kuzuya A, Shimozono Y, Aoyagi N, Ando K, Shi-
mohama S, et al. GSK3p Activity modifies the localization and
function of presenilin 1. J Biol Chem. 2007;282(21):15823-32.
Cai Z, Zhao Y, Zhao B. Roles of glycogen synthase kinase 3 in
Alzheimer’s disease. Curr Alzheimer Res. 2012;9(7):864-79.
Moon MH, Jeong JK, Lee JH, Park YG, Lee YJ, Seol JW, et al.
Antiobesity activity of a sphingosine 1-phosphate analogue
FTY720 observed in adipocytes and obese mouse model. Exp
Mol Med. 2012;44(10):603-14.

Wang L, Wang Y, Zhang C, Li J, Meng Y, Dou M, et al. Inhibit-
ing glycogen synthase kinase 3 reverses obesity-induced white
adipose tissue inflammation by regulating apoptosis inhibitor of
macrophage/CD5L-mediated macrophage migration. Arterioscler
Thromb Vasc Biol. 2018;38(9):2103-16.

Gupte M, Tousif S, Lemon JJ, Toro Cora A, Umbarkar P, Lal H.
Isoform-specific role of GSK-3 in high fat diet induced obesity
and glucose intolerance. Cells. 2022;11(3):559.

Takasugi N, Sasaki T, Ebinuma I, Osawa S, Isshiki H, Takeo K,
et al. FTY720/fingolimod, a sphingosine analogue, reduces amy-
loid-beta production in neurons. PLoS ONE. 2013;8(5):e64050.
Crivelli SM, Luo Q, van Kruining D, Giovagnoni C, Mané-Damas
M, den Hoedt S, et al. FTY720 decreases ceramides levels in the
brain and prevents memory impairments in a mouse model of
familial Alzheimer’s disease expressing APOE4. Biomed Phar-
macother. 2022;152:113240.

Tang F-Y, Pai M-H, Chiang E-PI. Consumption of high-fat diet
induces tumor progression and epithelial-mesenchymal transition
of colorectal cancer in a mouse xenograft model. J Nutr Biochem.
2012;23(10):1302-13.

Pfluger PT, Herranz D, Velasco-Miguel S, Serrano M, Tschop
MH. Sirtl protects against high-fat diet-induced metabolic dam-
age. Proc Natl Acad Sci. 2008;105(28):9793-8.

Chalkiadaki A, Guarente L. High-fat diet triggers inflammation-
induced cleavage of SIRT1 in adipose tissue to promote metabolic
dysfunction. Cell Metab. 2012;16(2):180-8.

@ Springer



1404

P.L.Wencel et al.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Chen S, Zhao Z, Ke L, Li Z, Li W, Zhang Z, et al. Resveratrol
improves glucose uptake in insulin-resistant adipocytes via Sirtl.
J Nutr Biochem. 2018;55:209-18.

Majeed Y, Halabi N, Madani AY, Engelke R, Bhagwat AM,
Abdesselem H, et al. SIRT1 promotes lipid metabolism and mito-
chondrial biogenesis in adipocytes and coordinates adipogenesis
by targeting key enzymatic pathways. Sci Rep. 2021;11(1):8177.
Theendakara V, Patent A, Peters Libeu CA, Philpot B, Flores
S, Descamps O, et al. Neuroprotective sirtuin ratio reversed by
ApoE4. Proc Natl Acad Sci U S A. 2013;110(45):18303-8.

Lee HR, Shin HK, Park SY, Kim HY, Lee WS, Rhim BY, et al.
Cilostazol suppresses beta-amyloid production by activating a disinte-
grin and metalloproteinase 10 via the upregulation of SIRT1-coupled
retinoic acid receptor-beta. J Neurosci Res. 2014;92(11):1581-90.
Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F,
Rodgers JT, et al. SIRT1 deacetylase protects against neurodegen-
eration in models for Alzheimer’s disease and amyotrophic lateral
sclerosis. EMBO J. 2007;26(13):3169-79.

Marwarha G, Raza S, Meiers C, Ghribi O. Leptin attenuates
BACEI expression and amyloid-beta genesis via the activation of
SIRT1 signaling pathway. Biochim Biophys Acta. 2014;1842(9):
1587-95.

Heyward FD, Gilliam D, Coleman MA, Gavin CF, Wang J, Kaas
G, et al. Obesity weighs down memory through a mechanism
involving the neuroepigenetic dysregulation of Sirtl. J Neurosci.
2016;36(4):1324-35.

Shi H, Yu Y, Lin D, Zheng P, Zhang P, Hu M, et al. -Glucan
attenuates cognitive impairment via the gut-brain axis in diet-
induced obese mice. Microbiome. 2020;8(1):143.

Gainey SJ, Kwakwa KA, Bray JK, Pillote MM, Tir VL, Towers
AE, et al. Short-term high-fat diet (HFD) induced anxiety-like
behaviors and cognitive impairment are improved with treatment
by glyburide. Front Behav Neurosci. 2016;10:156.

André C, Dinel A-L, Ferreira G, Layé S, Castanon N. Diet-
induced obesity progressively alters cognition, anxiety-like
behavior and lipopolysaccharide-induced depressive-like behav-
ior: focus on brain indoleamine 2,3-dioxygenase activation. Brain
Behav Immun. 2014;41:10-21.

Yoshizaki K, Asai M, Hara T. High-fat diet enhances working
memory in the Y-maze test in male C57BL/6J mice with less
anxiety in the elevated plus maze test. Nutrients. 2020;12(7).
Deng W, Ke H, Wang S, LiZ, Li S, Lv P, et al. Metformin allevi-
ates autistic-like behaviors elicited by high-fat diet consumption
and modulates the crosstalk between serotonin and gut microbiota
in mice. Behav Neurol. 2022;2022:6711160.

Eudave DM, BeLow MN, Flandreau EI. Effects of high fat or high
sucrose diet on behavioral-response to social defeat stress in mice.
Neurobiol Stress. 2018;9:1-8.

Chia-Ying W, Yang YT, Chen CH, Chang JC, Tsai SC, Chen CY,
et al. Effects of a high-fat diet on spontaneous locomotor activity
and blood metabolic biomarkers in Sprague Dawley rats. Faseb J.
2017;31(51):643.17-.17.

@ Springer

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Liao Y-H, Chen C-Y, Chen C-N, Wu C-Y, Tsai S-C. An amino acids
mixture attenuates glycemic impairment but not affects adiposity
development in rats fed with AGEs-containing diet. Int J Med Sci.
2018;15(2):176-87.

So SW, Fleming KM, Duffy CM, Nixon JP, Bernlohr DA,
Butterick TA. Microglial FABP4-UCP2 axis modulates neuroin-
flammation and cognitive decline in obese mice. Int J] Mol Sci.
2022;23(8):4354.

Wong CK, Botta A, Pither J, Dai C, Gibson WT, Ghosh S. A
high-fat diet rich in corn oil reduces spontaneous locomotor
activity and induces insulin resistance in mice. J Nutr Biochem.
2015;26(4):319-26.

Mifune H, Tajiri Y, Nishi Y, Hara K, Iwata S, Tokubuchi I, et al.
Voluntary exercise contributed to an amelioration of abnormal
feeding behavior, locomotor activity and ghrelin production con-
comitantly with a weight reduction in high fat diet-induced obese
rats. Peptides. 2015;71:49-55.

Takase K, Tsuneoka Y, Oda S, Kuroda M, Funato H. High-fat diet
feeding alters olfactory-, social-, and reward-related behaviors of
mice independent of obesity. Obesity. 2016;24(4):886-94.

di Nuzzo L, Orlando R, Tognoli C, Di Pietro P, Bertini G, Miele
J, et al. Antidepressant activity of fingolimod in mice. Pharmacol
Res Perspect. 2015;3(3):e00135.

Bonfiglio T, Olivero G, Merega E, Di Prisco S, Padolecchia
C, Grilli M, et al. Prophylactic versus therapeutic fingolimod:
restoration of presynaptic defects in mice suffering from experi-
mental autoimmune encephalomyelitis. PLoS ONE. 2017;12(1):
e0170825.

Montalban X, Comi G, O’Connor P, Gold S, de Vera A, Eckert B,
et al. Oral fingolimod (FTY720) in relapsing multiple sclerosis:
impact on health-related quality of life in a phase II study. Mult
Scler. 2011;17(11):1341-50.

Gasim M, Bernstein CN, Graftf LA, Patten SB, El-Gabalawy R,
Sareen J, et al. Adverse psychiatric effects of disease-modifying
therapies in multiple sclerosis: a systematic review. Mult Scler
Relat Disord. 2018;26:124-56.

Najafian SA, Farbood Y, Sarkaki A, Ghafouri S. FTY720 adminis-
tration following hypoxia-induced neonatal seizure reverse cogni-
tive impairments and severity of seizures in male and female adult
rats: the role of inflammation. Neurosci Lett. 2021;748:135675.
Corbett B, Luz S, Sotuyo N, Pearson-Leary J, Moorthy GS, Zuppa
AF, et al. FTY720 (Fingolimod), a modulator of sphingosine-
1-phosphate receptors, increases baseline hypothalamic-pituitary
adrenal axis activity and alters behaviors relevant to affect and
anxiety. Physiol Behav. 2021;240:113556.

Gruber T, Pan C, Contreras RE, Wiedemann T, Morgan DA,
Skowronski AA, et al. Obesity-associated hyperleptinemia alters
the gliovascular interface of the hypothalamus to promote hyper-
tension. Cell Metab. 2021;33(6):1155-70.e10.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Fingolimod Modulates the Gene Expression of Proteins Engaged in Inflammation and Amyloid-Beta Metabolism and Improves Exploratory and Anxiety-Like Behavior in Obese Mice
	Abstract
	Introduction
	Materials and Methods
	Animal Model and Treatment
	Behavioral Tests
	Open Field Test
	Novel Object Recognition Test
	Elevated Plus Maze Test
	Intraperitoneal Glucose Tolerance Test

	Gene Expression Analysis
	Statistical Analysis

	Results
	Changes in Body Weight and Blood Glucose Levels
	Changes in Sphk1, S1P Receptors, and Proinflammatory Cytokine Gene Expression in the Cortex and Hippocampus of Obese Mouse Brains
	Changes in APP Metabolism-Related Proteins, Gsk3β, and Bax Gene Expression in the Cortex and Hippocampus of Obese Mouse Brains
	Behavioral Tests
	Open Field Test
	Novel Object Recognition
	Elevated Plus Maze


	Discussion
	Acknowledgements 
	References


