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Abstract

Diabetes and mood disorders are intricately interconnected, with each condition elevating the risk of the other. This bidi-
rectional relationship, further exacerbated by neuroinflammation, fosters an environment conducive to the development of
anxiety and depression. Glucagon-like peptide-1 receptor agonists, such as semaglutide, offer promising therapeutic options
that not only target type 2 diabetes but also can positively influence mood. Our study's primary goal was to evaluate the
effectiveness of semaglutide, in mitigating anxiety and depression within an animal model of diabetes. The neuroprotective
properties of semaglutide were evaluated by examining its influence on the kynurenine pathway and neurobiological markers
(GFAP, NEFL, NSE, and GAL3) in the perfrontal cortex, selected for its key role in cognitive function and emotional regula-
tion, impaired in diabetes and mood disorders. Additionally, we examined semaglutide's impact on peripheral inflammation
and stress parameters to elucidate its role in modulating systemic inflammatory responses linked to mood disorders. Addition-
ally, we conducted behavioral assessments to better understand how semaglutide influences anxiety and depression-related
behaviors in diabetic mice. Semaglutide therapy significantly improved behavioral patterns and neurochemical markers in
diabetic mice. The frequency of administration significantly influenced the outcomes, whereas the dosage appeared to have
a limited impact. Here we show that semaglutide expands its therapeutic potential beyond diabetes, significantly influenc-
ing mood disorders through neuroinflammatory pathways. Semaglutide has the potential to be a key element in formulating
integrated treatment strategies that address both metabolic health and mental well-being, ultimately enhancing the quality
of life for individuals navigating these interrelated challenges.
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Introduction

The connection between diabetes and mental health is
becoming increasingly apparent. Managing a chronic con-
dition like diabetes can be emotionally overwhelming, as
daily responsibilities such as blood sugar monitoring, dietary
restrictions, and medication adherence often lead to stress,
anxiety, and frustration (Semenkovich et al. 2015). Anxiety
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can heighten concerns about diabetes control, causing hyper-
vigilance or even avoidance of essential tasks, which in turn
disrupts glycemic management. Depression further compli-
cates this by reducing motivation for self-care, making it
harder to follow dietary plans or medication routines (Steel
et al. 1987; Bédescu et al. 2016). Additionally, eating pat-
tern disruptions, which are more prevalent among diabetic
patients, can exacerbate both anxiety and mood disorders
(Badescu et al. 2016; Milaneschi et al. 2019; Dziewa et al.
2023). This creates a vicious cycle, where the overlapping
symptoms of diabetes and mental health conditions, such as
fatigue or changes in appetite, blur the lines between the two,
complicating treatment and contributing to further psycho-
logical and physical health decline.

The relationship between diabetes and mental health
is not solely due to psychological factors; it has biologi-
cal underpinnings. It is believed that oxidative stress (cell
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damage caused by free radicals), chronic neuroinflam-
matory processes, disruptions in neurogenesis and syn-
aptogenesis, as well as an imbalance in the level of neu-
rotransmitters play a key role in the pathology of anxiety
and depressive disorders (Gold et al. 1988; Zunszain et al.
2011; Malhi and Mann 2018). Considering that glucose
is a key compound for the proper functioning of neurons,
metabolic disorders in the course of diabetes may also
play a significant role in depression (Glombik et al. 2020;
Detka et al. 2015). Research has shown that both diabe-
tes and mental illnesses like anxiety disorders and major
depression are associated with changes in brain regions
involved in emotional regulation and stress response.
Patients with depression exhibit impaired neuronal activ-
ity and disrupted synaptic plasticity, leading to structural
alterations in brain regions involved in emotion and stress
regulation, such as the hippocampus and prefrontal cor-
tex. The areas of the brain that may be affected by these
changes are the amygdala (involved in processing emo-
tions and fear), the prefrontal cortex (involved in decision-
making and emotional regulation), and the hippocampus
(involved in memory and stress response) (Liu et al. 2017).

Increased degradation of tryptophan towards kynure-
nine (K'YN) and shift away from serotonin production have
been associated with several psychiatric diseases, including
depression (Kegel et al. 2014; Réus et al. 2015; Myint et al.
2012). Available test results have revealed that stress and the
activation of pro-inflammatory cytokines noted in depres-
sion can increase the activity of indoleamine 2,3-dioxyge-
nase (IDO) in the peripheral tissues and the brain, leading to
increased degradation of tryptophan and towards synthesis
of detrimental tryptophan catabolites (TRYCATSs) (Maes
et al. 2011). IDO activity is negatively correlated with sero-
tonin levels (Qin et al. 2018; Quak et al. 2014; Maes et al.
2011), which has been proposed as a common mechanism
linking depression and diabetes (de Silva Dias et al. 2016).
Supporting this notion, De Silva et al. observed a significant
increase in pro-inflammatory cytokines alongside a decrease
in serotonin levels in diabetic rats, suggesting that IDO acti-
vation may contribute to depressive-like behaviors. Moreo-
ver, it was noticed that individuals grappling with fatigue
and depression display a perturbed equilibrium between neu-
roprotective and neurodegenerative tryptophan degradation
metabolites (Savitz et al. 2015; Myint et al. 2012). Studies
on rodents have shown that compounds modulating the KYN
pathway have antidepressant effects (Zhu et al. 2015; Ara
and Bano 2012). Interestingly, among the compounds that
were able to reverse changes in the KYN pathway were some
SSRI (selective serotonin reuptake inhibitor) antidepressants
(Ara and Bano 2012; Franklin et al. 2012). Therefore, com-
pounds that are involved in the KYN pathway may play a
key role in both the pathogenesis and treatment of mood
disorders.
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Given the limited efficacy of current antidepressants,
there is an increasing need to explore alternative approaches
that more effectively address the intricate relationship
between anxiety, depression, and diabetes. Although GLP-1
analogs are primarily utilized for glucose regulation and
appetite control, emerging evidence suggests their significant
role in central nervous system (CNS) disorders (Katsurada
and Yada 2016). GLP-1 receptor (GLP-1R) signaling has
been shown to protect neurons, enhance synaptic function,
promote neurogenesis, and reduce oxidative stress and apop-
tosis (Duarte et al. 2020; McClean et al. 2015; Batista et al.
2019). These neuroprotective effects have led to the inves-
tigation of GLP-1R agonists in neurodegenerative diseases
such as Alzheimer's and Parkinson's (Duarte et al. 2020).
Additionally, growing evidence highlights their potential
in treating neuropsychiatric conditions, including depres-
sion (Kim et al. 2020; Anderberg et al. 2016). Preclinical
studies and clinical trials have demonstrated that GLP-1R
agonists may produce antidepressant effects by modulating
neuroinflammatory pathways (Velmurugan et al. 2012; Ven-
torp et al. 2017). Dudek et al. (2020) further propose that
GLP-1R agonists can protect the blood—brain barrier from
inflammation-induced damage, which is commonly observed
in individuals suffering from both diabetes and depression
(Zunszain et al. 2013; Piatkowska-Chmiel et al. 2021).

Recent findings from studies involving both humans and
animals suggest that GLP-1R agonists may play a key role
in regulating stress responses and anxiety-related behaviors
by affecting the hypothalamic—pituitary—adrenal (HPA)
axis (Gil-Lozano et al. 2010; Winzeler et al. 2019; Holt and
Trapp 2016; Kim et al. 2020). However, it's important to
note that the data collected thus far are inconclusive, and fur-
ther research is needed to establish a clearer understanding
of this relationship. Apart from that, GLP-1Rs may directly
affect neurotransmitter activity, which could contribute to
improvements in mood and emotional well-being.

GLP-1R signaling is crucial for maintaining mitochon-
drial integrity in hypothalamic astrocytes (Timper et al.
2020). A postmortem study found reduced GLP-1R expres-
sion in the dorsolateral prefrontal cortex and hippocampus
of individuals with mood disorders (Mansur et al. 2018). In
a chronic corticosterone-induced depression mouse model,
liraglutide reduced depressive and anxious behaviors, miti-
gated corticosterone-induced hyperactivity, and preserved
synaptic plasticity, unlike fluoxetine, which failed to allevi-
ate hippocampal long-term potentiation suppression (Weina
et al. 2018). GLP-1R agonists may serve as adjunctive
therapies for cognitive impairments related to depression,
particularly in women, as evidenced by exendin-4 enhanc-
ing cognitive performance in female mice (Trammell et al.
2021). Additionally, GLP-1R antagonists have been linked
to significant increases in serotonin levels and metabolites,
potentially impacting depressive disorders (Owji et al.
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2002). Inflammation associated with diabetes and depression
can activate the kynurenine pathway, reducing tryptophan
availability for serotonin synthesis (Qin et al. 2018). GLP-1
analogs with anti-inflammatory properties may modulate
this pathway, influencing the balance between neuroprotec-
tive and neurodegenerative metabolites, which is vital given
the pathway's link to various neurological and psychiatric
disorders, including depression.

The objective of our study was to elucidate the intricate
relationships between metabolic dysfunction and mood
regulation, emphasizing the potential of semaglutide as a
promising intervention for mood disorders associated with
diabetes. Recognizing the existing gaps in our understand-
ing of semaglutide's impact on the kynurenine pathway—a
critical biochemical pathway intertwined with both diabetes
and neuropsychiatric complications—our research sought
to provide new insights into this complex relationship. We
also sought to assess the impact of semaglutide on key neu-
robiological markers such as GFAP, NEFL, NSE, and GAL3
within the brain perfrontal cortex, a region integral to emo-
tional regulation and cognitive function, to provide a more
detailed picture of its neuroprotective effects in the context
of depression. Moreover, we examined levels of C-reactive
protein (CRP) and magnesium in blood serum to further
investigate semaglutide's influence on inflammation and
stress, two critical factors that often exacerbate diabetes-
related complications. By addressing both metabolic and
neurobiological dimensions, we hoped to offer a compre-
hensive understanding of semaglutide’s potential in mitigat-
ing the intertwined challenges of diabetes and mental health
disorders.

Materials and Methods

This section presents a comprehensive overview of the
methodologies employed in our study, aimed at rigorously
examining the role of semaglutide in modulating anxiety and
depression-like behaviors within a type 2 diabetes (T2D)
mouse model.

Animals, Diet, and Drugs

Seven-week-old male CD-1 mice (The Experimental
Medicine Centre (EMC) at the Medical University of
Lublin, Poland) were housed in groups of four per cage
under standard conditions, i.e., a constant temperature of
20-21 °C =1 °C, humidity at 60+ 10%, with a 12-h light/
dark cycle. Each experimental group consisted of eight ani-
mals randomly assigned.

The first group consisted of control mice (CTL) that had
unrestricted access to standard feed diet and water through-
out the experiment. The subsequent experimental groups

II-VI included mice in which type 2 diabetes (T2D) was
induced. This induction involved four weeks of access to a
20% aqueous fructose solution, followed by daily intraperi-
toneal injections of freshly prepared streptozotocin (STZ)
solution ( at a dosage of 40 mg/kg body weight for five
consecutive days. This model was designed and compre-
hensively described in our prior publication (Piatkowska-
Chmiel et al. 2021).

In the next stage, semaglutide (Ozempic, Novo Nord-
isk, Bagsverd, Denmark) was administered to mice with
confirmed type 2 diabetes (T2D), i.e., with a blood glucose
level >200 mg/dl. Semaglutide was administered subcutane-
ously (sc) once a week for two weeks to groups III and V.
The dose used for group III was 0.21 mg/kg and for group
V was 0.42 mg/kg. Semaglutide in groups IV and VI was
administered once daily for two weeks in doses of 0.03 mg/
kg or 0.06 mg/kg sc, respectively. In this study, a II group of
animals with T2D did not undergo the drug administration
procedure. In this phase of the experiment, animals in the
control group (CTL) and the group with diabetes received
equal volumes of physiologic saline (Scheme 1).

Animal care and experimental procedures adhered to the
binding European standards for research on animal mod-
els (Act from January 15, 2015, on the Protection of Ani-
mals, Used for Scientific or Educational Purposes; Directive
2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used
for scientific purposes). These procedures received approval
from the Local Ethics Committee at the University of Life
Science in Lublin. The requirements of statistical analyses
determined the total number of animals used, the Three
Rs (3Rs), and the ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments).

Behavioral Tests

Following the 2 weeks of administration of the drug or phys-
iologic saline, the animals underwent a series of behavioral
tests, starting with the least stressful paradigm and progress-
ing to the most stressful one. An open field was used to
examine anxiety-like behaviors and the forced swim test
(FST) was used to evaluate depression-like behaviors. The
behavioral tests were performed in a controlled environment
from 9 a.m. to 2 p.m., in a separate room that was main-
tained at an appropriate temperature and intensity of light
and noise. To ensure hygiene, the apparatuses were regularly
disinfected between each animal. None of the mice had any
previous contact with the tests performed.

Open Field Test (OFT)

The test followed the procedure outlined by Hall and Bal-
lachey (1932), using a wooden box with dimensions of
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Scheme 1. Mouse model of
type 2 diabetes and drug admin- 20%
istration: experimental design 4 weeks fructose standard
solution diet
STZ .
for 5 days citrate buffer PH 4,5
pPH 4,5 l
Glycemic =200 my/dli +112mg/dl
control
Type 2 Type 2 Type 2 Non-
Diabetes Diabetes Diabetes diabetes
(T2D) (T2D) (T2D) (CTL)
2 week| NaCl 0,9% | Semaglutide | Semaglutide | NaCl 0,9%
1x week 1x day
0,42 mg \kg 0,06 mg \kg
0,21 mg\kg 0,03 mg\kg

40 x40 cm for the floor and walls measuring 35 cm in
height. Each mouse was placed individually in the center
of the arena and allowed to explore freely for an uninter-
rupted period of 5 min. The anxiety level was assessed
based on the animals' activity in the central arena,
which is a highly anxiety-producing environment. To
evaluate semaglutide's impact on anxiety-like behavior,
the assessment was conducted 24 h after the final drug
administration.
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open Field Test (OFT)
Forced Swiming test
(FST)

|

Euthanasia

Forced Swimming Test (FST)

The Forced Swim Test (FST) was conducted following the
method outlined by Porsolt et al. (1977), with minor adjust-
ments aimed at improving the reliability of detecting poten-
tial antidepressant-like effects of the tested drug (Slattery
and Cryan 2012). Glass tanks, measuring 25 cm in height
and 10 cm in diameter, were utilized, filled with water main-
tained at a temperature between 23-25 °C, with a depth of
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approximately 15 cm. Each mouse underwent individual
placement in a tank for 6 min. The test session was recorded
using a video camera and later analyzed by two investigators
who were blinded to the experimental conditions. We quanti-
fied the immobility time (in seconds) of the mice during the
final 4 min of the test. Immobility, defined as the absence
of movement, except to maintain the head and nose above
water, was regarded as an indicator of depressive behavior.

Neurochemical Analysis

One day following the behavioral tests, mice were killed
by decapitation. On the day of decapitation, the brain from
each animal was removed, and immediately the cortex was
isolated to determine the levels of GFAP, NSE, NEFL, and
GAL3.

Brain Samples Preparation and Quantitative Analysis
of GFAP, NEFL, NSE, and GAL3

Briefly, after isolation, the tissues were rinsed in ice-cold
PBS to remove excess blood thoroughly and weighed.
Then, the tissues were homogenized in fresh lysis buffer
(w:v=1:50) on ice. The resulting suspension was sonicated
with an ultrasonic cell disrupter till the clear solution. Next,
homogenates were centrifuged at 10,000g for 5 min at 4 °C
to obtain supernatants, which were stored at —20 °C until
use. Total protein concentrations for all homogenates were
assayed using the Bradford method (Bradford 1976).

The concentrations of neurobiological markers in super-
natants were assessed by enzyme-linked immunosorbent
assay (ELISA Kits for mice: GFAP, NEFL, NSE, and GALS3;
Cloud-Clone Corp., Houston, TX, USA). Each parameter
was determined individually in all samples according to
the manufacturer’s protocols. The concentrations of neuro-
biological markers were determined by comparing the opti-
cal density of the samples to the standard curve. The limit
of detection (LoD) was as follows: GFAP 6.3 pg/ml, NSE
29 pg/ml, NEFL 48.5.pg/ml, and GAL3 6.3 pg/ml. Neurobi-
ological marker concentrations in the cortex were expressed
in picograms per ml.

Brain Samples Preparation and Determination of KYNA,
KYN, TRP

Samples of perftontal cortex were homogenized in water
(1:9 w/v) and centrifuged at 14,000 rpm. The supernatant
was acidified with 8% trichloroacetic acid (0.5 ml for each
100uL of supernatant). Samples were then vortexed, kept at
4° C for 20 min, and centrifuged again at 14,000 rpm.
Supernatants were analyzed by a high-performance liquid
chromatography (HPLC) system (The UltiMate 3000 Ana-
lytical systems, Thermo Fisher Scientific, USA) according

to Zhao et al. (2010). The mobile phase was composed of
20 mmol/l NaAc, 3 mmol/l ZnAc2, and 7% acetonitrile. It
was pumped at a flow rate of 1 ml/min and the volume per
injection was 100 pL, the analytical column was the Agilent
HC-C18 (2); 250X 4.6 mm i.d.; 5 m particle size. The wave-
length of the UV detector was set to 365 nm (for L-KYN)
and 250 nm (for TRP); KYNA was quantified fluorimetri-
cally (excitation 344 nm with detection at 398 nm).

Biochemical Analysis

Blood samples were collected in tubes without anticoagu-
lant and kept for at least 20 min to allow clot formation.
Then the tubes were centrifuged at 4000 rpm for 10 min at
20 °C. This process enabled the separation of serum from
morphotic elements, such as red and white blood cells and
platelets, resulting in pure blood serum. The serum was then
transferred to new tubes and immediately analyzed.

Serum Biomarker Analysis

The C-reactive protein (CRP) levels were assessed using the
immunoturbidimetric method (BioMaxima, Lublin, Poland),
while magnesium levels were quantitatively analyzed using
a colorimetric method with a diagnostic kit (Wiener lab.,
Rosario, Argentina). The concentrations of CRP and mag-
nesium were expressed in mg per dl, whereas corticosterone
concentrations were expressed in mg per ml.

Statistical Analysis

The results were analyzed in two ways. First, a multi-way
nested ANOVA was carried out, testing the following
factors:

¢ Significance of diabetes (does diabetes change signifi-
cantly the analyzed parameter).

e Significance of semaglutide nested in diabetes (does
semaglutide significantly change the analyzed parameter
in animals with type 2 diabetes).

e Significance of dose nested in semaglutide (are there sig-
nificant differences between two doses of semaglutide).

e Significance of treatment regimen nested in semaglutide
(are there significant differences between two regimens
of treatment with semaglutide).

Additionally, for reference, one-way ANOVA done
between all groups is depicted in Figures, together with
multiple comparison tests by Student t-test with Bonferroni
correction. Statistics were done in R Studio (R version 4.3.1)
and visualized with the GGPlot2 package. The significance
criterion was set at P <0.05, denoted by an asterisk when
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compared to the control group and a hashtag when compared
to the T2D mice group.

Results

Semaglutide Mitigates Anxiety and Depressive-Like
Behavior in Type 2 Diabetic Mice

The time spent by animals in the central zone of the field was
significantly reduced in the diabetes mice group compared
to the healthy animals (F 43,=3.36, P<0.1) (Fig. 1A).
Notably, fourteen days of semaglutide therapy exerted a
significant effect on this measure compared to the diabetic
animal group (F(; 43,=7.81, P<0.01). Regarding dos-
age, it was not deemed a significant factor (F; 43,=0.597,
P>0.1), while the frequency of drug administration to the
afflicted mice emerged as notably significant (F; 43,=7.21,
P <0.05). Importantly, the ANOVA results revealed no sta-
tistically significant differences in the number of crossings
in the Open Field Test (OFT) between the control group
and the diabetic mice (Fig. 1B). Furthermore, treatment
with semaglutide did not produce significant effects on the
number of crossings when compared to the untreated group
of animals (P> 0.05). As shown in Fig. 1C, while diabe-
tes led to a significant increase in the immobility time in
the forced swim test (FST) compared to the healthy con-
trol group in multiple comparison tests, this difference did
not reach significance in the ANOVA results, likely due to
variations in variance (F; 43y=0.737, P> 0.1). Notably, the
reversal of the depressive effects of diabetes by semaglutide
was statistically significant (F (1.43)= 10.7, P<0.01), with no
significant differences observed based on the administered
dose (F(; 43,=0.0813, P>0.1), as well as on the frequency
of administration of a drug (F; 43y=2.32, P>0.1). Daily
administration for fourteen days showed slightly stronger
effects, as evidenced by multiple comparison results—a sig-
nificant difference was observed between the diabetic group
(T2D) and both groups receiving daily drug administration
throughout the treatment period (Fig. 1C).

Semaglutide Modulates Neurochemical Markers
in Diabetic Mice Displaying Behavioral Patterns
Similar to Anxiety or Depression: Analysis of GFAP,
NSE, NEFL, and GAL3

A significantly lower level of GFAP was observed for animals
with diabetes compared to control animals (¥ 43)=358.9,
P <0.001), however, semaglutide did not switch the level
significantly back in treated animals (F; 45,=1.72, P>0.1)
(Fig. 2A). Furthermore, among mice treated with semaglu-
tide, no significant differences were observed in the level of
this parameter across any of the treatment dosing amount
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(F(1.43=0.0922, P>0.1). Likewise, the variability between
drug administration frequencies was deemed nonsignificant
at the 95% confidence level (F(; 43=3.37, P<0.1). Diabetes
increased the level of NSE, but the increase was not statisti-
cally significant (F 43,=0.114, P>0.1) (Fig. 2B). How-
ever, the ANOVA test proved the overall lowering effect of
semaglutide on the NSE level (F; 43,=25.4, P<0.001). Par-
ticularly noteworthy was the significant disparity observed
between the diabetic group and both groups receiving the
drug, once daily for 14 days, as indicated by significant find-
ings in the ANOVA analysis (F; 43y=9.54, P<0.01). The
frequency of drug administration (once a week or once a
day for 2 weeks) significantly affects the NSE level in the
cerebral cortex of treated mice compared to diabetic animals
(ANOVA (F; 43,=9.54, P<0.01). However, the level of the
tested parameter was not dependent on the dose of semaglu-
tide used (F(; 43y=0.384, P>0.1). Similar to NSE, diabetes
increased the level of NEFL insignificantly (£ 43,=0.353,
P>0.1). However, semaglutide decreased this level back
to levels similar to the control group and the difference
between non-treated and treated animals was significant
in the ANOVA test (F(; 43y=23.1, P<0.001). The dose of
semaglutide is a significant factor because the lower dose
gave significantly (at 90% level) lower NEFL level than the
higher dose (F(; 43,=2.86, P <0.1). No significant difference
was observed between dosing regimens (F; 43,=0.0181,
P>0.1).

In the case of the GAL3 parameter, a significant increase
of its concentration was observed in the perfrontal cortex
of diabetic animals compared to the healthy control group
(F1.43y=9.47, P<0.01) (Fig. 2D). In multiple comparison
tests, significance was observed only in changes in the tested
parameter between the T2D group and the groups receiving
the drug once daily for 14 days. Frequency of drug admin-
istration emerged as a significant factor in the ANOVA test
(F(1.43y=29.5, P<0.001). However, no significant difference
was noted between the lower and higher doses of the drug
(F(143=3.95, P<0.1).

Semaglutide's Role in Modulating the Kynurenine
Pathway

It cannot be definitively concluded that there is a significant
reduction in TRP levels in diabetes; the ANOVA significance
only reaches a 90% level (F(; 43,=3.03, P<0.1), and the mul-
tiple comparison test does not detect a significance (Fig. 3A).
Similarly, the impact of semaglutide treatment on TRP lev-
els is considered insignificant according to the ANOVA test
(F1.43y=1.25, P>0.1). Diabetes did not also induce signifi-
cant changes in KYNA levels (F; 43,=0.228, P>0.1), and
likewise, semaglutide did not exert a significant impact on
KYNA levels (F(; 43,=1.95, P>0.1) (Fig. 3B). While the
ANOVA underscores the significance of semaglutide dosage
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Fig. 1 Semaglutide's effects on A
anxiety- and depression-like 801 #

behaviors in T2D mice. A, B
Open Filed (OF); C Forced
Swimming Test (FST). CTL:
control mice, T2D: mice

with diabetes; SL1: diabetic
animals receiving a lower dose
of semaglutide once weekly;
SL7: diabetic animals receiv-
ing a lower dose of semaglutide
once daily for 14 days; SH1:
diabetic animals receiving high
dose semaglutide once weekly;

SH7: diabetic mice receiving 20

a higher dose of semaglutide
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Fig.2 Assessing semaglutide's
impact on neurochemical mark-
ers in the cortex of T2D mice
displaying anxiety- or depres-
sion-like behaviors. A glial
fibrillary acidic protein (GFAP)
level, B neuron specific enolase
(NSE) level, C Neurofila-

ment light chain (NEFL) level,
D: Galectin-3 (GAL3) level.
CTL: control mice, T2D: mice
with diabetes; SL1: diabetic
animals receiving a lower dose
of semaglutide once weekly;
SL7: diabetic animals receiv-
ing a lower dose of semaglutide
once daily for 14 days; SH1:
diabetic animals receiving high
dose semaglutide once weekly;
SH7: diabetic mice receiving a
higher dose of semaglutide once
daily for 14 days. The statisti-
cal analysis employed one-way
ANOVA in conjunction with
multiple comparison tests using
the Student t-test with Bonfer-
roni correction. A significance
level of P <0.05, with a sample
size of n=38, was considered.
Statistical significance was
denoted as follows: **P <0.01
compared to the CTL

group; P <0.05, #P <0.01,
###p <0.001 compared to the
T2D group
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as a significant factor (F(; 43,=9.13, P<0.01), this discovery
bears little weight considering the overall lack of significance
observed on the tested parameter. Furthermore, no notable
alterations were detected in LK'YN levels across all adminis-
tered tests (Fig. 3C), as well as in the [LKYN/[TRP] ratio, irre-
spective of drug administration frequency or dosage (Fig. 3D).

Assessment of Blood Serum Biochemical Parameters
in Type 2 Diabetic Mice with Anxiety or Depression
Treated with Semaglutide

In the group of diabetic mice, significantly reduced levels
of magnesium in blood serum were observed (F(; 43,=112,
P <0.001), the concentration of which did not signifi-
cantly change despite the administration of semaglutide
(F(1.43=0.000159, P>0.1) (Fig. 4A). Although ANOVA iden-
tifies dosage frequency as a significant effect (F{; 43,=4.54,
P <0.05, this fact cannot be treated as important, as the overall
drug effect is not significant. Diabetes animals had signifi-
cantly higher levels of CRP (F{; 43,=18.4, P<0.001) and this
level was significantly decreased back by administering drug
(F(1.43=11.3, P<0.01) (Fig. 4B). Comparing dosages and fre-
quency of drug administration, it can be concluded that higher
dose worked significantly better (F; 45,=15.1, P<0.001),
whereas the frequency of drug administration did not make
a significant difference (F; 43,=1.9, P>0.1). Multiple com-
parison test proves this conclusion because significant differ-
ences are observed between the T2D group and both groups
of higher doses.

Discussion

Metabolic disorders associated with diabetes can intri-
cately alter the neurochemical landscape of the brain, set-
ting the stage for anxiety and depressive behaviors through
multifaceted pathways. Variations in glucose levels, vas-
cular impairment, chronic inflammation, and oxidative
stress foster an environment that disrupts neurotransmit-
ter function, ultimately influencing mood regulation. Our
previous research has established a significant correlation
between neuroinflammation and cognitive impairments
in a mouse model of type 2 diabetes (Piatkowska-Chmiel
et al. 2021, 2022a, 2022b). We uncovered the intricate
interplay between central nervous system inflammation-
and cognitive dysfunction demonstrating an inflammatory
process in both central and peripheral regions in diabetic
mice. Notably, there was a significant increase in periph-
eral C-reactive protein (CRP) and elevated levels of GAL3
in the brain, a critical marker of neuroinflammatory dis-
eases (Garcia-Revilla et al. 2022). General inflammation
can disturb neurochemical equilibrium and impair the
functioning of brain regions essential for mood regulation
(Osimo et al. 2019), potentially precipitating depressive
symptoms such as low mood, fatigue, and reduced inter-
est or pleasure (Maes et al. 2012). Our results indicate
a potential link between the pro-inflammatory effects of
GAL3 and anxiety and depression-like behavior in type 2
diabetic mice. Stajic et al. (2019) demonstrated that mice
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Fig.3 Cortical levels of TRP,
LKYN, KYNA, and LKYN/
TRP ratio in T2D mice: impact
of subcutaneous semaglutide
administration across thera-
peutic regimens. A Tryptophan
(TRP) level, B kynurenine
(LKYN) level, C kynurenic acid
(KYNA), D: LKYN/TRP ratio;
CTL: control mice, T2D: mice
with diabetes; SL1: diabetic
animals receiving a lower dose
of semaglutide once weekly;
SL7: diabetic animals receiv-
ing a lower dose of semaglutide
once daily for 14 days; SH1:
diabetic animals receiving high
dose semaglutide once weekly;
SH7: diabetic mice receiving a
higher dose of semaglutide once
daily for 14 days. The statisti-
cal analysis employed one-way
ANOVA in conjunction with
multiple comparison tests using
the Student t-test with Bonfer-
roni correction. A significance
level of P <0.05, with a sample
size of n=38, was considered
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Fig.3 (continued)

Fig.4 The effect of semaglutide
on biochemical parameters in
blood serum of type 2 diabetic
mice exhibiting anxiety-like

or depressive-like behavior.

A magnesium (Mg) level, B
C-reactive protein (CRP) level.
CTL: control mice, T2D: mice
with diabetes; SL1: diabetic
animals receiving a lower dose
of semaglutide once weekly;
SL7: diabetic animals receiv-
ing a lower dose of semaglutide
once daily for 14 days; SH1:
diabetic animals receiving high
dose semaglutide once weekly;
SH7: diabetic mice receiving

a higher dose of semaglutide
once daily for 14 days. The
statistical analysis employed
one-way ANOVA in conjunc-
tion with multiple comparison
tests using the Student t-test
with Bonferroni correction. A
significance level of P <0.05,
with a sample size of n=8, was
considered. Statistical signifi-
cance was denoted as follows:
*#%P <0.001 compared to the
CTL group; *P <0.05 compared
to the T2D group
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experiencing LPS-induced neuroinflammation exhibited
diminished exploratory locomotor activity, anhedonia, and
anxiety-like behavior. Furthermore, the reduction of GAL3
in these mice reduced neuroinflammation-associated anxi-
ety levels (Stajic et al. 2019), which is also consistent with
our observations. Notably, semaglutide treatment corre-
lated with decreased GALS3 levels in the cerebral cortex
and improved behavioral outcomes. After two weeks of
daily semaglutide administration, we observed modula-
tion of NSE levels in the brains of treated diabetic ani-
mals, leading to enhanced exploratory activity and reduced
anxiety and depressive behaviors. This suggests that the
antidepressant effects of semaglutide, via GLP-1 receptor
activation, may be closely linked to its neuroprotective
and anti-inflammatory properties. Hence, it appears that
the antidepressant effects resulting from GLP-1 receptor
activation by semaglutide may be deeply intertwined with
its ability to mitigate neurodegeneration and inflamma-
tion. Mounting evidence indicates that GLP-1 analogs are
pivotal in stimulating the production of anti-inflammatory
cytokines throughout various organs, notably within the
brain. Studies on Alzheimer's disease models, demon-
strated significant reductions in neuroinflammation fol-
lowing treatment with exenatide-4 (20 pg/kg/day) (Solmaz
et al. 2015) and liraglutide (25 nmol/kg/day) (McClean
et al. 2011). Considering the distribution of GLP-1 recep-
tors (GLP-1R) in brain regions associated with mood regu-
lation (Sharma et al. 2015), these analogs may enhance
neurotransmitter release, such as serotonin and dopamine,
in critical brain areas like the cerebral cortex and hip-
pocampus (Rebosio et al. 2018), indicating their poten-
tial to alleviate anxiety and depression-related behaviors.
Our study reinforces the efficacy of chronic semaglutide
administration in mitigating anxiety-like and depressive
behaviors in diabetic mice while revealing significant neu-
robiological changes in the cerebral cortex. Furthermore,
our investigation revealed significant neurobiological
changes within the cerebral cortex of diabetic animals.
Specifically, we noted a marked decrease in GFAP lev-
els, which may result from increased blood—brain barrier
permeability and oxidative stress in the central nervous
system's microcapillaries due to diabetes (Ayala-Guerrero
et al. 2022). Research indicates reduced glial cell density
in major depression (MDD), particularly in the dorsolat-
eral prefrontal cortex, correlating with lower GFAP levels
(Si et al. 2004). Moreover, postmortem analyses of brain
structures from individuals who died by suicide showed
astrocytic irregularities, including reduced levels of GFAP
mRNA and protein in mood-regulating regions like the
medial thalamus and caudate nucleus. These regions are
pivotal in mood regulation (Torres-Platas et al. 2016).
Interestingly, postmortem biopsies from depressed patients
treated with psychotropic drugs exhibited higher GFAP
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expression than untreated individuals (Cobb et al. 2016).
In contrast, our study found no changes were observed in
GFAP levels in the cerebral cortex of semaglutide-treated
mice compared to diabetic controls, suggesting reducted
leakage of this protein across the blood-brain barrier.
Research by Timper et al. (2020) indicates that GLP-1R
signaling is essential for mitochondrial integrity and func-
tion in astrocytes, influencing energy and glucose homeo-
stasis. However, we were unable to determine the reason
for the decreased GFAP levels in the cerebral cortex of
mice receiving a higher dose of semaglutide over 14 days
despite extensive analysis.

Research shows, that in diabetes, low-grade inflamma-
tion might trigger heightened indoleamine 2,3-dioxygenase
(IDO) activity, leading to an accelerating tryptophan metab-
olism along the kynurenine pathway, potentially leading to
serotonin deficit, that impact mood, emotional regulation,
and sleep cycles (Hestad et al. 2022). Abnormal kynure-
nine have been observed in patients with major depression,
anxiety disorders, or schizophrenia (Paul et al. 2022; But-
ler et al. 2022; Oxenkrug et al. 2016). diabetic Although
previous studies have shown alterations in the tryptophan-
kynurenine pathway in animal models (Dias et al., 2015;
Chmiel-Perzyriska et al. 2014), our study did not report
significant changes in the levels of tryptophan, kynurenine,
and kynurenic acid levels in the diabetic animals. Hypergly-
cemia and elevated D, L-homocysteine concentration, may
disrupt kynurenic acid synthesis in the brain of diabetic ani-
mals, leading to central complications, (Chmiel-Perzyriska
et al. 2007). Additionally, Chmiel-Perzyriska et al. (2014)
found that the concentration of KYNA is elevated in the
hippocampus of streptozotocin-induced diabetic rats, but
not in the cortex or striatum, aligning with our findings.
Moreover, an elevated LKYN/TRP ratio in type II diabetes,
particularly with poor glycemic control, suggests increased
IDO activity (Abedi et al. 2021). Our study noted a trend
towards a higher LKYN/TRP ratio in diabetic mice, though
it did not achieve statistical significance. In contrast, mice
receiving daily semaglutide treatment for two weeks exhib-
ited an LKYN/TRP ratio comparable to healthy controls,
likely due to effective glycemic regulation. It is tempting to
speculate that prolongation of the semaglutide administra-
tion time could effectively regulate the kynurenine pathway.
Pharmacological modulation of the kynurenine pathway,
particularly by enhancing KYNA production, could exert
profound effects on neurochemical balance and central nerv-
ous system function. Interestingly, neither tryptophan nor
kynurenine nor kynureninic acid concentrations correlated
with CRP or GAL3 concentrationssuggesting a complex
interplay between inflammatory markers and kynurenine
pathway metabolites that warrants further investigation.

Recent research suggests that elevated levels of NSE in
the serum and cerebrospinal fluid of patients with major
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depressive disorder can directly correlate with neuronal
damage (Haque et al. 2018), with NSE contributing to redox
imbalance, neuroinflammation and mitochondrial dysfunc-
tion,. In turn, neuroaxonal damage which is also associated
with major depressive disorder, is associated with the release
of neurofilament light chain serving as one of the markers
for this pathological process (Chen et al. 2022). While dia-
betic mice showed a trend toward higher NSE and NEFL
levels, these changes were not statistically significant, but
may signal early neuronal or axonal damage. Semaglutide
treatment for two weeks modulated NSE levels, influencing
behavioral responses and inflammatory pathways. Interest-
ingly, regardless of the dose and frequency of semaglutide
administration, there was no significant increase in NEFL
concentration within the mouse brain over the 2-week treat-
ment period, suggesting the absence of progressive neuronal
damage across all treatment groups. Notably, the most sub-
stantial decrease in the level of neurofilament light chain was
observed in groups receiving the drug at lower doses either
once weekly or daily for the 14-day duration. The alterations
in NEFL concentration correlated with a decrease in periph-
eral C-reactive protein (CRP) levels, implying a connection
between NEFL and systemic inflammation.

Another significant parameter that plays a vital role in
regulating mood is magnesium. Hypomagnesemia is a com-
mon phenomenon in patients with type 2 diabetes, especially
in those with a poorly controlled glycemic profile (Barba-
gallo and Dominguez 2015). Our research also confirms this
association, showing a significant magnesium deficiency in
animal model of type 2 diabetes. Magnesium deficiency
can intensify the body's stress response, contributing to
increased anxiety and depression by disrupting neurotrans-
mitter function and impairing the regulation of the hypo-
thalamic—pituitary—adrenal (HPA) axis, which plays a criti-
cal role in managing stress (Serefko et al. 2013; Moabedi
et al. 2023). The absence of this essential microelement
may result in heightened inflammation and the activation of
phagocytic cells, consequently triggering the generation of
reactive oxygen species (Libako et al. 2010). Our research
findings provide further evidence by confirming a correla-
tion between the level of magnesium in blood serum and
the overall inflammatory state in diabetic mice. Moreover,
magnesium ions play a crucial role inregulating calcium
ion flow through neuronal calcium channels, which directly
impacts the production of neuronal nitric oxide. Disruptions
in these processes can lead to neuronal dysfunction, poten-
tially contributing to the development of mental disorders
like depression or anxiety (Nielsen 2018).

Our study faced several significant limitations. Firstly,
the restricted number of animals within experimental
groups may have compromised the overall representative-
ness of the obtained results, leading to greater fluctua-
tions in the outcomes. Secondly, semaglutide therapy was

used only for two weeks, which is a significant limita-
tion in the context of assessing the long-term effects of
treatment, especially for central nervous system disorders.
The relatively short treatment timeframe may not have
been sufficient to fully capture the range of therapeutic
benefits or potential adverse effects associated with pro-
longed use. This limitation may also explain the lack of
significant, measurable changes in key metabolites such
as TRP, KYNA, and LKYN, which are critical compo-
nents of the kynurenine pathway. It is well recognized that
certain biochemical pathways, especially those related to
mood regulation, often require extended pharmacological
intervention before meaningful shifts become apparent.
However, considering the unexpectedly promising results
of our research, we felt it was essential to share our find-
ings with a broader scientists. Ultimately, transferring the
results from our animal study to clinical practice requires
in-depth research. It is crucial to understand the mecha-
nisms of action of the drug and its impact on the human
body in various clinical conditions. For this reason, future
research should focus on the long-term effectiveness and
safety of semaglutide therapy in patients with type 2 dia-
betes, as well as the possible impact on their mental status
and overall quality of life. Only after thoroughly examin-
ing these issues will we be able to fully assess the neuro-
protective potential of semaglutide as an effective tool in
the comprehensive treatment of patients affected by this
disease.

In conclusion, our study highlights the significant
therapeutic potential of semaglutide in improving both
behavioral patterns and neurochemical markers in diabetic
mice. Notably, we found that the frequency of administra-
tion emerged as a crucial factor influencing the observed
effects, whereas the dose size showed secondary impor-
tance. Despite the fact that our experiments were con-
ducted in mice, the kynurenine pathway, along with neu-
rochemical markers such as GFAP, NSE, and NEFL, may
have important implications for understanding neuropsy-
chiatric and metabolic disorders in humans with diabetes
and depression. The relationship between these neuro-
chemical markers and the kynurenine pathway underscores
a promising avenue for future research, emphasizing how
these biological indicators can enhance clinical practices.
By monitoring fluctuations in these markers, clinicians
may better identify patients at risk for developing mood
disorders linked to metabolic dysfunction and evaluate the
effectiveness of therapeutic interventions. Further research
in this area could uncover new biomarkers that may serve
as indicators of the effectiveness of therapeutic interven-
tions and facilitate the identification of patients who are
most vulnerable to mood disorders associated with diabe-
tes. This proactive approach may pave the way for person-
alized treatment strategies aimed at alleviating anxiety and
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depression in diabetic patients by concurrently addressing
both metabolic and neuroinflammatory pathways. Ulti-
mately, this strategy could significantly enhance mental
health and overall well-being in individuals with diabetes.
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