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1. ABSTRACT

Introduction

Depression is increasingly recognized as a major global health issue, driven by
neurobiological, genetic, and environmental factors. Despite extensive research,
understanding depression remains challenging due to its complexity and the lack of
biomarkers. Recent studies highlight a link between depression and metabolic disturbances,

emphasizing the need for alternative therapeutic approaches.

Purpose
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This review aims to explore the therapeutic potential of GLP-1 (glucagon-like peptide-1) in treating depression,
focusing on its impact on neurogenesis, neuroinflammation, neurotransmitter imbalances, and synaptic

dysfunction.
Materials and Methods

A systematic review was conducted by analyzing literature from databases such as PubMed and Google Scholar,

covering studies from 2003 to 2024. The review focused on keywords related to GLP-1, depression, and diabetes.
Description of the State of Knowledge

This section discusses the neurobiological mechanisms of depression, including neuroinflammation,
neurotransmitter imbalances, and impaired neurogenesis. It highlights the potential of GLP-1 agonists to address

these issues and improve mood and cognitive function.
Conclusion

The review concludes that GLP-1 holds promise as a therapeutic target for depression. Beyond its metabolic
roles, GLP-1 can influence brain regions involved in mood regulation, enhance neurogenesis, reduce
neuroinflammation, and improve neurotransmitter balance. These effects suggest that GLP-1-based therapies
could offer new treatment options for depression, potentially improving outcomes beyond traditional

antidepressants.

2. KEYWORDS

GLP-1, depression, systematic review, diabetes
3.INTRODUCTION

Depression is increasingly recognized as a major cause of illness and death globally, with the number of
individuals affected by the disorder continuing to grow !. Despite extensive research, depression remains poorly
understood due to the lack of biomarkers and the diversity of triggering factors such as chronic stress. A recent

study explored the link between depression and metabolism, revealing that metabolites, including advanced

glycation end products, are altered in patients with depression compared to controls 2343¢,

Depression is a complex syndrome caused by a combination of neurobiological, genetic, and
environmental factors. Changes in brain regions such as the prefrontal cortex, amygdala, and
hippocampus play a role in its development. Despite extensive research, a full understanding
of depression remains challenging. Recent studies have highlighted a link between depression
and metabolism, suggesting that diabetes and obesity can increase the risk of

neurophysiological conditions. Depression can lead to both physical and mental changes,



including sadness, feelings of emptiness, irritability, and loss of interest in activities. Without

adequate treatment, these symptoms can worsen and lead to serious outcomes.’

Depression is prevalent in 25% of individuals with type 2 diabetes mellitus (T2DM). It not
only elevates the likelthood of developing T2DM but also increases the risks of
hyperglycemia, insulin resistance, and both micro- and macrovascular complications.
Conversely, a diagnosis of T2DM heightens the risk of incident depression and can
exacerbate its severity. This connection underscores a shared underlying cause characterized
by complex bidirectional interactions among various factors, including autonomic and
neurohormonal dysregulation, weight gain, inflammation, and structural changes in the

hippocampus.®

The effectiveness of current antidepressant drugs, which primarily target the brain's
monoaminergic systems by enhancing serotoninergic and noradrenergic neurotransmission, is
often inadequate. Only about one-third of patients achieve complete relief from depressive
symptoms after therapy. Therefore, alternative therapeutic strategies that differ from
traditional antidepressants are being sought to enhance the effectiveness of depression

treatment.’

Glucagon-like peptide-1 (GLP-1) is a hormone synthesized in the intestines and the brain that
plays a crucial role in regulating glucose levels and maintaining energy balance. It exerts its
effects by binding to its specific receptor (GLP-1R), which is present in various tissues
throughout the body and in the central nervous system.!® It enhances insulin secretion,
supports the function and survival of pancreatic B-cells, and reduces glucagon release. This
helps decrease glucose production, increase glycogen storage, and improve glucose uptake in
muscles and fat cells. GLP-1 also suppresses appetite, slows down digestion, and reduces
stomach acid secretion. It mildly increases sodium excretion in the kidneys and enhances
heart function while protecting blood vessels. These actions make GLP-1 a key treatment for

type 2 diabetes mellitus.'!

GLP-1 can cross the blood-brain barrier, bind to GLP-1 receptors distributed in the
hippocampus, improve learning and memory, and play a neuroprotective role. These actions

have been associated with decreased depressive symptoms and improvements in quality of

life.!2



4.PURPOSE

This systematic review explores the therapeutic effects of GLP-1 on depression from various
perspectives. We emphasize the promising benefits of GLP-1 in addressing issues such as
impaired neurogenesis, neuroinflammation, neurotransmitter imbalance, and synaptic

dysfunction in the depressive brain.

5.MATERIALS AND METHODS

The review was based on the analysis of materials collected from databases such as PubMed,
Google Scholar, and other scientific sources. It focused on articles published between 2003
and 2024, using keywords like "GLP-1," "Depression," "Systematic review," and "Diabetes."
6.DESCRIPTION OF THE STATE OF KNOWLEDGE

Depression is closely associated with various neurological issues, including
neuroinflammation, neurotransmitter imbalances, increased permeability of the blood-brain
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barrier, deficits in neurogenesis, and synaptic dysfunction . Research indicates that

individuals suffering from depression frequently exhibit impaired neurogenesis, slowed
neuronal growth, and reduced synaptic adaptability '°.

Key brain regions responsible for regulating emotions, stress responses, and motivation, such
as the prefrontal cortex (PFC), amygdala, and hippocampus, often display altered
functionality in people with depression '®. Specifically, the PFC and hippocampus typically

exhibit decreased activity, while the amygdala tends to be overactive in this population !”.

GLP-1 agonists, in particular, show promise as treatments for depression, as they can improve mood and
cognitive functions through their effects on neurotransmitter release, neurogenesis, and synaptic plasticity '8. By
focusing on the gut-brain connection, researchers aim to develop more effective treatments for mental health and

neurological conditions.
6.1. Neuroinflammation in Depression and How it Relates to GLP-1.

Neuroinflammation plays a pivotal role in the pathophysiology of depression by triggering the activation of
microglia and astrocytes, which release pro-inflammatory cytokines in response to various stressors, including
chronic psychological stress '°. These cytokines, such as interleukin-1 beta (IL-1pB), tumor necrosis factor-alpha
(TNF-a), and interleukin-6 (IL-6), are crucial components of the inflammatory cascade within the brain and are
closely linked to the development and progression of depressive symptoms 2°. Consistently elevated levels of
these cytokines have been observed in the cerebrospinal fluid and brain tissues of individuals with depression,
underscoring their role in neuroinflammatory processes 2!. In addition to cytokine dysregulation, oxidative stress

(OS) represents another hallmark of neuroinflammation in depression. The brain's high metabolic activity,



coupled with its abundance of polyunsaturated fatty acids and relatively low antioxidant defenses, renders it
particularly vulnerable to oxidative damage caused by reactive oxygen species (ROS) and reactive nitrogen
species (RNS) 2. This oxidative damage can exacerbate neuroinflammation, leading to neuronal dysfunction and
apoptosis, which are characteristic features of depressive disorders 2. Glucagon-like peptide-1 (GLP-1) and its
analogs have emerged as promising therapeutic agents for depression due to their diverse effects on
neuroinflammation and oxidative stress 2*. GLP-1 receptors are widely distributed throughout the brain,
including regions involved in mood regulation and cognitive function 2. Activation of these receptors by GLP-1
or its analogs has been shown to modulate microglial activation and reduce the production of pro-inflammatory
cytokines such as TNF-a and IL-6, thereby exerting potent anti-inflammatory effects 2°. Furthermore, GLP-1
analogs like exendin-4 have demonstrated the ability to bolster antioxidant defenses and mitigate oxidative stress
in experimental models, highlighting their potential for neuroprotection . Recent research has also implicated
neuroinflammation and oxidative stress in the dysregulation of neurotransmitter systems implicated in
depression, such as the serotonin, dopamine, and noradrenaline pathways 2%. These pathways are critical for

mood regulation and cognitive function, and their dysfunction is closely associated with depressive symptoms.

Moreover, the gut-brain axis has garnered attention as a potential mediator of neuroinflammation in depression.
Gut microbiota dysbiosis can lead to increased intestinal permeability, allowing bacterial products to enter
systemic circulation and trigger immune responses in the brain, contributing to neuroinflammation and

depressive symptoms %,

GLP-1 analogs may also influence gut microbiota composition and function, potentially mitigating
neuroinflammation via modulation of the gut-brain axis **. Understanding the precise mechanisms through which
GLP-1 and its analogs influence neuroinflammation, oxidative stress, and the gut-brain axis is crucial for
developing targeted therapeutic strategies for depression. Future research should focus on elucidating these
mechanisms further and exploring the clinical potential of GLP-1-based therapies to enhance outcomes for

individuals with depressive disorders.

6.2.The role of neurogenesis in depression and its relationship with GLP-1.

Neurogenesis, the process of generating new neurons in the brain, is increasingly recognized as pivotal in
depression, particularly within the hippocampus—a region crucial for memory, emotion regulation, and stress
response ', Evidence suggests that depressed individuals often exhibit decreased neurogenesis, which
correlates with hippocampal atrophy and impaired cognitive function 3!"7.

In addition to the disturbed neuroimmune and neuroendocrine crosstalk, disruptions in brain metabolism and
mitochondrial functions have emerged as significant factors in depression pathogenesis 3233, Alterations in
mitochondrial functions such as oxidative phosphorylation (OXPHOS) and membrane polarity, which enhance
oxidative stress and apoptosis, may precede the development of depressive symptoms 3233, Dysfunction of the
GLP-1 pathway, known for its role in regulating glucose homeostasis, has also been implicated in depression,
contributing to mitochondrial dysfunction and metabolic disturbances**?>. Glucose, as the primary metabolic

substrate in the brain, plays a critical role in maintaining neuronal function under normal conditions 3°3.



Chronic stress, a hallmark of depression, can suppress neurogenesis by elevating glucocorticoid levels, thereby
impeding the proliferation and differentiation of neural stem cells in the hippocampus 3''7. Conversely,
antidepressant treatments have been shown to enhance neurogenesis, suggesting that stimulating neuronal

growth in the hippocampus may underlie their therapeutic effects 3!17.

A promising area of investigation centers on glucagon-like peptide-1 (GLP-1) and its receptors in the brain 3425,

GLP-1 not only exerts neuroprotective and neurotrophic effects but also promotes neurogenesis in animal
models 2%, For instance, GLP-1 receptor agonists such as exendin-4 and liraglutide have demonstrated the
ability to enhance proliferation of neural progenitor cells and stimulate neuronal differentiation in the

hippocampus, which could potentially counteract neurogenic deficits seen in depression 3423,

Clinical studies investigating GLP-1 receptor agonists in depression have yielded promising results, showing
improvements in cognitive function and mood symptoms among patients with mood disorders **?°. These
findings highlight the potential of targeting neurogenesis via the GLP-1 pathway as a novel therapeutic approach

for treating depression 3425,

6.3. Dysregulation of Neurotransmitters in Depression and Their Connection to GLP-1.

Neurotransmitters play a pivotal role in transmitting signals in the brain, influencing behavior

37

and emotional states In the context of depression, dysregulation of neurotransmitters,

especially serotonin (5-HT), norepinephrine (NE), and dopamine (DA), is central to its

pathophysiology 3%,

Deficiencies in these monoaminergic neurotransmitters not only
exacerbate depressive symptoms but also serve as significant diagnostic markers for the

disorder.

Serotonin is crucial for mood regulation and emotional processing within brain regions such

as the amygdala and hippocampus 44!

. Dysfunctions in serotonin pathways are strongly
linked to the onset and severity of depressive symptoms. Furthermore, disturbances in other
neurotransmitter systems are evident in depression. For example, disruptions in glutamatergic
signaling, heightened acetylcholine activity, and decreased gamma-aminobutyric acid (GABA)
transmission are observed 4?43, These changes significantly contribute to the neurochemical
basis of depressive symptoms, which can be observed through advanced brain imaging
techniques like magnetic resonance spectroscopy *4. Chronic stress, a significant trigger for
depression, exacerbates these neurotransmitter dysregulations by disrupting glutamate
transmission in key brain areas such as the prefrontal cortex (PFC), leading to impaired

4

cognitive functions and worsening depressive symptoms #. Additionally, chronic stress



induces structural changes in the brain, including atrophy of the PFC and hippocampus due to

glucocorticoid disturbances 447,

Brain-derived neurotrophic factor (BDNF) plays a critical role in depression, essential for neurogenesis, synaptic
plasticity, and neuronal survival, all of which are disrupted in depressive states **. Consistent reductions in
BDNF levels are found in key brain regions such as the hippocampus and PFC in individuals with depression °,
Antidepressant therapies that enhance BDNF signaling show efficacy in alleviating depressive symptoms by
promoting neuronal plasticity and reducing neuronal apoptosis 3!°2. Conversely, chronic stress diminishes

BDNF-TrkB signaling pathways, contributing to synaptic dysfunction and neuronal damage in depression 333,

Glucagon-like peptide-1 receptors (GLP-1Rs) are widely distributed in brain regions involved in mood
regulation and energy balance, including the amygdala, hippocampus, and dorsal raphe nucleus 3. Activation of
GLP-1Rs modulates neurotransmitter systems implicated in depression, such as serotonin and dopamine 6%,
GLP-1 agonists like exendin-4 and liraglutide influence dopamine turnover in the amygdala, associated with

improvements in reward-related behaviors observed in animal models of depression and addiction %3,
6.4. Disturbances in Brain Connections and Cognitive Decline in Depression: The Role of GLP-1.

In patients suffering from depression, neuronal circuit dysfunctions arise from impaired communication between
neurons, affecting various brain regions such as the prefrontal cortex (PFC) and hippocampus *°. Advanced brain
imaging studies consistently report reduced synaptic connectivity and neuronal circuitry in these areas in

1617

depressed individuals Moreover, postmortem examinations of brains from depressed patients reveal

significant structural changes, including reduced brain volume, loss of specific pyramidal neurons and

GABAergic interneurons, and decreased density of glial cells in the PFC %!

. Detailed electron microscopy
studies also indicate fewer synaptic connections and alterations in synaptic proteins in the PFC of individuals
with depression °2. Additionally, abnormalities in glutamate receptors and synaptic proteins in both the PFC and
hippocampus underscore the extensive synaptic pathology in depression %293, Chronic unpredictable stress, a
commonly used depression model, exacerbates neuronal damage in brain regions such as the PFC and
hippocampus. This stress model is associated with reduced dendritic complexity, loss of functional synaptic
spines, and altered synaptic transmission patterns %49, It also affects emotion processing areas like the amygdala
and nucleus accumbens, disrupting motivation and reward systems . Chronic stress further impairs glutamate
signaling and synaptic transmission, contributing to observed cognitive deficits in depression . Decreased
levels of synaptic density proteins and alterations in ERK signaling, critical for synaptic plasticity and neuronal
function, are also noted in depressed individuals **%7°, Glycogen synthase kinase 3 (GSK3) is implicated in
reducing synaptic spines in depression, influencing synaptic plasticity and transmission 772, Studies indicate that
synaptic plasticity, transmission, and long-term potentiation (LTP) are significantly attenuated in depression 7374,
Activation of the mammalian target of rapamycin (mTOR) signaling pathway, crucial for synaptogenesis and
BDNEF release, is diminished in depression, further compromising synaptic function 7376, Patients with depression
often experience mood disturbances, cognitive impairments, and an increased risk of dementia development

77787980 Neuroimaging studies highlight structural changes in depressed patients' brains, such as atrophy and



abnormal alterations in the frontal cortex, thalamus, and hippocampus, correlating with cognitive decline ®'.
Synaptic dysfunction, altered transmission, and decreased synaptic density proteins are common features in the
depressed brain, significantly contributing to memory deficits. Thus, improving synaptic function is a crucial
therapeutic goal in managing depressive neuropathology. Recent studies suggest that glucagon-like peptide 1
(GLP-1) may play a therapeutic role in alleviating these effects. GLP-1 is associated with lower body mass index
(BMI) and has been shown to increase neurogenesis in the dentate gyrus 3*. Research on liraglutide demonstrates
its ability to promote cortical neurite outgrowth under severe oxidative stress conditions via Wnt signaling and
enhance hippocampal synaptic plasticity, potentially alleviating depressive symptoms 3283, In animal models, the
DPP inhibitor sitagliptin has been shown to improve cognitive function and protect neurons under oxidative
stress , while exendin-4 promotes neurite growth and neuronal survival in vitro 3. Activation of GLP-1
receptors enhances GABAergic signaling and synaptic plasticity in the hippocampus , improves learning and
memory in high-fat diet models, and modulates LTP in neurodegenerative disease models 86278738 Mice lacking
GLP-1 receptors show impaired LTP, highlighting the role of GLP-1 in synaptic function, hile overexpression of
GLP-1 receptors in mice improves learning and memory performance 2%%°. Importantly, GLP-1 and exendin-4

reduce depression-like behaviors in animal models by modulating serotonin signaling in the amygdala *°.

6.5. GLP-1 receptor (GLP-1R) plays a role in enhancing communication between the gut and brain.

Recent studies have increasingly underscored the critical role of the gut-brain axis and the stability of gut
microbiota in the development and progression of mood disorders such as depression °1923%. The gut-brain axis
is a sophisticated bidirectional communication network between the gastrointestinal tract and the brain,
involving neurotransmitters, cytokines, and peptide hormones that regulate mood and emotional states .
Individuals suffering from depression often exhibit a significant reduction in both the number and diversity of
microorganisms within their gastrointestinal tract °7. This dysbiosis, or imbalance in the microbial community,
can adversely affect the central nervous system, potentially triggering or exacerbating depressive symptoms 2%%8,
Conversely, the presence of depression can further destabilize the gut microbiome, creating a vicious cycle of
mutual reinforcement between gut health and mental health *'°. This bidirectional influence has been supported
by numerous human and animal studiem '°''%2, For instance, fecal microbiota transplants from depressed patients
into antibiotic-treated rats led to the development of depressive-like behaviors in the Animals 9. These
behaviors included reduced sucrose consumption, increased immobility in the forced swim test, and altered
responses in other behavioral assays. Such findings underscore the potential causative role of gut microbiota in
depression !, Furthermore, chronic stress has been shown to disrupt microbial diversity in the gut, highlighting
the intricate link between stress, gut dysbiosis, and depression !9, Antidepressant medications, due to their
antimicrobial properties, can also inadvertently alter gut microbiota, further complicating the relationship
between gut health and mental health '°. The gut microbiota influences the host organism by modulating both

innate and adaptive immune responses '’

. It also plays a crucial role in metabolizing indigestible carbohydrates
into short-chain fatty acids (SCFAs), which activate specific G protein-coupled receptors ', This activation
promotes the secretion of peptide hormones from enteroendocrine cells, thereby influencing various
physiological processes, including mood regulation ', Emerging research suggests that probiotics and prebiotics

can positively impact gut microbiota and subsequently influence GLP-1 (glucagon-like peptide-1) signaling 1011,



GLP-1 is a peptide hormone involved in enhancing communication between the gut and brain, regulating mood
and stress responses. For example, administration of probiotic strains in mice has been shown to elevate plasma

12

levels of GLP-1, and similar effects have been observed in human studies!!’. Daily intake of certain

Lactobacillus strains has led to increased GLP-1 secretion, associated with improved mood and metabolic health
101

Moreover, GLP-1 receptor (GLP-1R) agonists, such as liraglutide, have demonstrated protective effects on the

13 In patients with type 2 diabetes,

gastrointestinal tract by modulating the diversity of gut microbiota
liraglutide treatment increased the relative abundance of beneficial bacteria like Akkermansia, associated with
improved gut barrier function and potentially better mood regulation !4, These findings suggest that enhancing

gut microbiota diversity could be a promising strategy for treating mood disorders °'.

The interplay between gut microbiota and mental health has led to the burgeoning field of psychobiotics, which
involves the use of probiotics and prebiotics to positively influence the gut-brain axis °2. This approach holds
potential for developing new treatments for depression and other mood disorders, offering a novel avenue for

therapeutic intervention 34,

7.CONCLUSION

The article explores the therapeutic potential of glucagon-like peptide-1 (GLP-1) in addressing depression
through multiple biological pathways. Depression is increasingly recognized as a significant global health issue,
with complex neurobiological, genetic, and environmental factors contributing to its onset and progression.
Current treatments, primarily targeting monoaminergic systems, often fall short in providing complete relief

from depressive symptoms.

GLP-1, a hormone involved in glucose regulation and energy balance, exerts its effects through binding to GLP-
1 receptors (GLP-1R) in various tissues, including the brain. Beyond its metabolic functions, GLP-1 crosses the
blood-brain barrier and influences brain regions crucial for mood regulation, such as the hippocampus and
amygdala. Studies highlight GLP-1's role in enhancing neurogenesis, reducing neuroinflammation, restoring

neurotransmitter balance, and promoting synaptic plasticity—all mechanisms implicated in depression.

The review synthesizes evidence from studies investigating GLP-1 and its analogs (like exendin-4 and liraglutide)
in animal models and clinical trials. GLP-1R agonists demonstrate potential in alleviating depressive symptoms
by modulating inflammatory responses, oxidative stress, and gut microbiota composition. These effects suggest
GLP-1-based therapies could offer novel avenues for treating depression, potentially enhancing treatment

outcomes beyond conventional antidepressants.

Overall, the article underscores the multifaceted role of GLP-1 in addressing the complex pathophysiology of

depression, highlighting its promise as a therapeutic target to improve mental health outcomes globally.

8. DISCLOSURES

10



Author’s contribution:

Conceptualization: Paulina Lemieszek, Katarzyna Rudnicka.

Methodology: Ilona Sajkiewicz, Nadia Miga-Orczykowska .

Software: Ilona Jasiuk.

Check: Martyna Pustelniak, Katarzyna Krukar.

Formal analysis: Justyna Wojtowicz, Ewa Lukaszewska.

Investigation: Jakub Laskowski, Kamil Cho$cinski, Klaudia Kister.

Resources: Ilona Sajkiewicz, Nadia Miga-Orczykowska, [lona Jasiuk.

Data curation:Martyna Pustelniak, Katarzyna Krukar, Ewa Lukaszewska.

Writing - rough preparation: Paulina Lemieszek, Katarzyna Rudnicka.

Writing - review and editing: Klaudia Kister, Jakub Laskowski, Kamil Chro$cinski.
Supervision: Justyna Wojtowicz.

Project administration: Paulina Lemieszek, Katarzyna Rudnicka.

All authors have read and agreed with the published version of the manuscript.
Funding Statement: This Research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interests: The authors declare no conflict of interest.

Acknowledgments: Not applicable.

9. REFERENCES
1. Ledford H. Medical research: if depression were cancer. Nature

doi:10.1038/515182a

11

. 2014;515(7526).



10.

1.

12.

13.

Kessler RC, Wai TC, Demler O, Walters EE. Prevalence, severity, and comorbidity of
12-month DSM-IV disorders in the National Comorbidity Survey Replication. Arch
Gen Psychiatry. 2005;62(6). doi:10.1001/archpsyc.62.6.617

Krishnan V, Nestler EJ. The molecular neurobiology of depression. Nature.
2008;455(7215). doi:10.1038/nature07455

Setoyama D, Kato TA, Hashimoto R, et al. Plasma metabolites predict severity of
depression and suicidal ideation in psychiatric patients-a multicenter pilot analysis.
PLoS One. 2016;11(12). doi:10.1371/journal.pone.0165267

Akimoto H, Tezuka K, Nishida Y, Nakayama T, Takahashi Y, Asai S. Association
between use of oral hypoglycemic agents in Japanese patients with type 2 diabetes
mellitus and risk of depression: A retrospective cohort study. Pharmacol Res Perspect.
2019;7(6). doi:10.1002/prp2.536

Kim YK, Kim OY, Song J. Alleviation of Depression by Glucagon-Like Peptide 1
Through the Regulation of Neuroinflammation, Neurotransmitters, Neurogenesis, and
Synaptic Function. Front Pharmacol. 2020;11. doi:10.3389/fphar.2020.01270
Laurindo LF, Barbalho SM, Guiguer EL, et al. GLP-1a: Going beyond Traditional Use.
Int J Mol Sci. 2022;23(2):739. doi:10.3390/ijms23020739

Semenkovich K, Brown ME, Svrakic DM, Lustman PJ. Depression in type 2 diabetes
mellitus: Prevalence, impact, and treatment. Drugs. 2015;75(6). doi:10.1007/s40265-
015-0347-4

Detka J, Glombik K. Insights into a possible role of glucagon-like peptide-1 receptor
agonists in the treatment of depression. Pharmacol Reports. 2021;73(4):1020-1032.
doi:10.1007/s43440-021-00274-8

Anderberg RH, Richard JE, Hansson C, Nissbrandt H, Bergquist F, Skibicka KP. GLP-
1 is both anxiogenic and antidepressant; divergent effects of acute and chronic GLP-1
on emotionality. Psychoneuroendocrinology. 2016;65:54-66.
doi:10.1016/j.psyneuen.2015.11.021

Miiller TD, Finan B, Bloom SR, et al. Glucagon-like peptide 1 (GLP-1). Mol Metab.
2019;30:72-130. doi:10.1016/J.MOLMET.2019.09.010

Ma Q, Wang L, Liu XX, et al. GLP-1 plays a protective role in hippocampal neuronal
cells by activating cAMP-CREB-BDNF signaling pathway against CORT+HG-
induced toxicity. Heliyon. 2023;9(8):e18491. doi:10.1016/j.heliyon.2023.e18491

Najjar S, Pearlman DM, Devinsky O, Najjar A, Zagzag D. Neurovascular unit

12



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

dysfunction with blood-brain barrier hyperpermeability contributes to major depressive
disorder: A review of clinical and experimental evidence. J Neuroinflammation.
2013;10. doi:10.1186/1742-2094-10-142

Felger JC, Treadway MT. Inflammation Effects on Motivation and Motor Activity:
Role of Dopamine. Neuropsychopharmacology. 2017;42(1). doi:10.1038/npp.2016.143
Serafini G. Neuroplasticity and major depression, the role of modern antidepressant
drugs. World J Psychiatry. 2012;2(3). doi:10.5498/wjp.v2.13.49

Drevets WC, Savitz J, Trimble M. The subgenual anterior cingulate cortex in mood
disorders. CNS Spectr. 2008;13(8). doi:10.1017/S1092852900013754

Price JL, Drevets WC. Neurocircuitry of mood disorders. Neuropsychopharmacology.
2010;35(1). doi:10.1038/npp.2009.104

Van Der Heijden RA, Bijzet J, Meijers WC, et al. Obesity-induced chronic
inflammation in high fat diet challenged C57BL/6J mice is associated with acceleration
of age-dependent renal amyloidosis. Sci Rep. 2015;5. doi:10.1038/srep16474

Miller AH, Raison CL. The role of inflammation in depression: From evolutionary
imperative to modern treatment target. Nat Rev Immunol. 2016;16(1).
doi:10.1038/nr1.2015.5

Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation to
sickness and depression: When the immune system subjugates the brain. Nat Rev
Neurosci. 2008;9(1). doi:10.1038/nrn2297

Howren MB, Lamkin DM, Suls J. Associations of depression with c-reactive protein,
IL-1, and IL-6: A  meta-analysis.  Psychosom  Med.  2009;71(2).
doi:10.1097/PSY.0b013e3181907c1b

Uttara B, Singh A, Zamboni P, Mahajan R. Oxidative Stress and Neurodegenerative
Diseases: A Review of Upstream and Downstream Antioxidant Therapeutic Options.
Curr Neuropharmacol. 2009;7(1). doi:10.2174/157015909787602823

Andreazza AC, Kauer-Sant’Anna M, Frey BN, et al. Oxidative stress markers in
bipolar  disorder: A  meta-analysis. J  Affect Disord.  2008;111(2-3).
doi:10.1016/.jad.2008.04.013

Hoelscher C. Potential Role of Glucagon-Like Peptide-1 (GLP-1) in Neuroprotection.
CNS Drugs. 2012;26(10).

During MJ, Cao L, Zuzga DS, et al. Glucagon-like peptide-1 receptor is involved in
learning and neuroprotection. Nat Med. 2003;9(9). doi:10.1038/nm919

13



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Perry VH, Nicoll JAR, Holmes C. Microglia in neurodegenerative disease. Nat Rev
Neurol. 2010;6(4). doi:10.1038/nrneurol.2010.17

Mcclean PL, Parthsarathy V, Faivre E, Holscher C. The diabetes drug liraglutide
prevents degenerative processes in a mouse model of Alzheimer’s disease. J Neurosci.
2011;31(17). doi:10.1523/JNEUROSCI.0529-11.2011

Belzung C. Innovative drugs to treat depression: Did animal models fail to be
predictive or did clinical trials fail to detect effects. Neuropsychopharmacology.
2014;39(5). doi:10.1038/npp.2013.342

Foster JA, McVey Neufeld KA. Gut-brain axis: How the microbiome influences
anxiety and depression. Trends Neurosci. 2013;36(5). doi:10.1016/j.tins.2013.01.005
Cani PD, Knauf C. How gut microbes talk to organs: The role of endocrine and
nervous routes. Mol Metab. 2016;5(9). doi:10.1016/j.molmet.2016.05.011

Tanti A, Belzung C. Neurogenesis along the septo-temporal axis of the hippocampus:
Are depression and the action of antidepressants region-specific? Neuroscience.
2013;252. doi:10.1016/j.neuroscience.2013.08.017

Filiou MD, Sandi C. Anxiety and Brain Mitochondria: A Bidirectional Crosstalk.
Trends Neurosci. 2019;42(9). doi:10.1016/;.tins.2019.07.002

Zhu XH, Yan HC, Zhang J, et al. Intermittent hypoxia promotes hippocampal
neurogenesis and produces antidepressant-like effects in adult rats. J Neurosci.
2010;30(38). doi:10.1523/JINEUROSCI.6414-09.2010

Hamilton A, Holscher C. Receptors for the incretin glucagon-like peptide-1 are
expressed on neurons in the central nervous system. Neuroreport. 2009;20(13).
doi:10.1097/WNR.0b013e32832fbf14

Kashiwaya Y, Bergman C, Lee JH, et al. A ketone ester diet exhibits anxiolytic and
cognition-sparing properties, and lessens amyloid and tau pathologies in a mouse
model of Alzheimer’s disease. Neurobiol Aging. 2013;34(6).
doi:10.1016/j.neurobiolaging.2012.11.023

Dienel GA. Brain glucose metabolism: Integration of energetics with function. Physiol
Rev. 2019;99(1). doi:10.1152/physrev.00062.2017

Millan MJ. Multi-target strategies for the improved treatment of depressive states:
Conceptual foundations and neuronal substrates, drug discovery and therapeutic
application. Pharmacol Ther. 2006;110(2). doi:10.1016/j.pharmthera.2005.11.006
Belmaker RH, Agam G. Major Depressive Disorder-belmaker. N Engl J Med.

14



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

2008;1(358).

Blier P, El-Mansari M. Serotonin and beyond: Therapeutics for major depression.
Philos Trans R Soc B Biol Sci. 2013;368(1615). doi:10.1098/rstb.2012.0536

Albert PR. Why is depression more prevalent in women? J Psychiatry Neurosci.
2015;40(4). doi:10.1503/jpn. 150205

Cools R, Roberts AC, Robbins TW. Serotoninergic regulation of emotional and
behavioural control processes. Trends Cogn Sci. 2008;12(1).
doi:10.1016/j.tics.2007.10.011

Duman RS, Aghajanian GK. Synaptic dysfunction in depression: Potential therapeutic
targets. Science (80-).2012;338(6103). doi:10.1126/science.1222939

Sanacora G, Treccani G, Popoli M. Towards a glutamate hypothesis of depression: An
emerging frontier of neuropsychopharmacology for mood disorders. In:
Neuropharmacology. Vol 62. ; 2012. doi:10.1016/j.neuropharm.2011.07.036

Block W, Triber F, Von Widdern O, et al. Proton MR spectroscopy of the
hippocampus at 3 T in patients with unipolar major depressive disorder: Correlates and
predictors of treatment response. Int J Neuropsychopharmacol. 2009;12(3).
doi:10.1017/S1461145708009516

McEwen BS, Nasca C, Gray JD. Stress Effects on Neuronal Structure: Hippocampus,
Amygdala, and Prefrontal Cortex. Neuropsychopharmacology. 2016;41(1).
doi:10.1038/mnpp.2015.171

Duman RS, Monteggia LM. A Neurotrophic Model for Stress-Related Mood Disorders.
Biol Psychiatry. 2006;59(12). doi:10.1016/j.biopsych.2006.02.013

Krishnan V, Nestler EJ. Linking molecules to mood: New insight into the biology of
depression. Am J Psychiatry. 2010;167(11). doi:10.1176/appi.ajp.2009.10030434

Bath K@, Schilit A, Lee FS. Stress effects on BDNF expression: Effects of age, sex,
and form of stress. Neuroscience. 2013;239. doi:10.1016/j.neuroscience.2013.01.074
Karege F, Vaudan G, Schwald M, Perroud N, La Harpe R. Neurotrophin levels in
postmortem brains of suicide victims and the effects of antemortem diagnosis and
psychotropic drugs. Mol Brain Res. 2005;136(1-2).
doi:10.1016/j.molbrainres.2004.12.020

Sen S, Duman R, Sanacora G. Serum Brain-Derived Neurotrophic Factor, Depression,
and Antidepressant Medications: Meta-Analyses and Implications. Biol Psychiatry.
2008;64(6). doi:10.1016/j.biopsych.2008.05.005

15



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Calabrese F, Rossetti AC, Racagni G, Gass P, Riva MA, Molteni R. Brain-derived
neurotrophic factor: A bridge between inflammation and neuroplasticity. Front Cell
Neurosci. 2014;8(DEC). doi:10.3389/fncel.2014.00430

Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric
disorders. Pharmacol Rev. 2012;64(2). doi:10.1124/pr.111.005108

Arnsten AFT, Rubia K. Neurobiological circuits regulating attention, cognitive control,
motivation, and emotion: Disruptions in neurodevelopmental psychiatric disorders. J
Am Acad Child Adolesc Psychiatry. 2012;51(4). doi:10.1016/j.jaac.2012.01.008
Molteni R, Calabrese F, Cattanco A, et al. Acute stress responsiveness of the
neurotrophin bdnf in the rat hippocampus is modulated by chronic treatment with the
antidepressant duloxetine. Neuropsychopharmacology. 2009;34(6).
doi:10.1038/npp.2008.208

Alvarez E, Martinez MD, Roncero I, et al. The expression of GLP-1 receptor mRNA
and protein allows the effect of GLP-1 on glucose metabolism in the human
hypothalamus and brainstem. J Neurochem. 2005;92(4). doi:10.1111/5.1471-
4159.2004.02914.x

Egecioglu E, Engel JA, Jerlhag E. The Glucagon-Like Peptide 1 Analogue, Exendin-4,
Attenuates the Rewarding Properties of Psychostimulant Drugs in Mice. PLoS One.
2013;8(7). doi:10.1371/journal.pone.0069010

Holst JJ, Deacon CF, Vilsbell T, Krarup T, Madsbad S. Glucagon-like peptide-1,
glucose  homeostasis and  diabetes. Trends Mol Med.  2008;14(4).
doi:10.1016/j.molmed.2008.01.003

Salcedo I, Tweedie D, Li Y, Greig NH. Neuroprotective and neurotrophic actions of
glucagon-like peptide-1: An emerging opportunity to treat neurodegenerative and
cerebrovascular disorders. Br J Pharmacol. 2012;166(5). doi:10.1111/5.1476-
5381.2012.01971.x

Duman RS, Aghajanian GK, Sanacora G, Krystal JH. Synaptic plasticity and
depression: New insights from stress and rapid-acting antidepressants. Nat Med.
2016;22(3). doi:10.1038/nm.4050

Willner P, Scheel-Kriiger J, Belzung C. The neurobiology of depression and
antidepressant action. Neurosci Biobehav Rev. 2013;37(10).
doi:10.1016/j.neubiorev.2012.12.007

Rajkowska G, Miguel-Hidalgo J. Gliogenesis and Glial Pathology in Depression. CNS

16



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Neurol Disord - Drug Targets. 2008;6(3). doi:10.2174/187152707780619326

Cotter D, Mackay D, Chana G, Beasley C, Landau S, Everall IP. Reduced neuronal
size and glial cell density in area 9 of the dorsolateral prefrontal cortex in subjects with
major depressive disorder. Cereb Cortex. 2002;12(4). doi:10.1093/cercor/12.4.386

Joca SRL, Ferreira FR, Guimardes FS. Modulation of stress consequences by
hippocampal monoaminergic, glutamatergic and nitrergic neurotransmitter systems.
Stress. 2007;10(3). doi:10.1080/10253890701223130

Willner P. Reliability of the chronic mild stress model of depression: A user survey.
Neurobiol Stress. 2017;6. doi:10.1016/j.ynstr.2016.08.001

Planchez B, Surget A, Belzung C. Animal models of major depression: drawbacks and
challenges. J Neural Transm. 2019;126(11). doi:10.1007/s00702-019-02084-y

Vialou V, Bagot RC, Cahill ME, et al. Prefrontal cortical circuit for depression- and
anxiety-related behaviors mediated by cholecystokinin: Role of AFosB. J Neurosci.
2014;34(11). doi:10.1523/JNEUROSCI.1787-13.2014

McEwen BS. Neurobiological and Systemic Effects of Chronic Stress. Chronic Stress.
2017;1. doi:10.1177/2470547017692328

Kang HJ, Voleti B, Hajszan T, et al. Decreased expression of synapse-related genes
and loss of synapses in major depressive disorder. Nat Med. 2012;18(9).
doi:10.1038/nm.2886

Sanacora G, Banasr M. From pathophysiology to novel antidepressant drugs: Glial
contributions to the pathology and treatment of mood disorders. Biol Psychiatry.
2013;73(12). doi:10.1016/j.biopsych.2013.03.032

Pittenger C, Duman RS. Stress, depression, and neuroplasticity: A convergence of
mechanisms. Neuropsychopharmacology. 2008;33(1). doi:10.1038/sj.npp.1301574
Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): Regulation,
actions, and diseases. Pharmacol Ther. 2015;148.
doi:10.1016/j.pharmthera.2014.11.016

Bradley CA, Peineau S, Taghibiglou C, et al. A pivotal role of GSK-3 in synaptic
plasticity. Front Mol Neurosci. 2012;(JANUARY 2012).
do0i:10.3389/fnmol.2012.00013

Sandi C, Haller J. Stress and the social brain: Behavioural effects and neurobiological
mechanisms. Nat Rev Neurosci. 2015;16(5). doi:10.1038/nrn3918

Jo€ls M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009;10(6).

17



75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

doi:10.1038/nrn2632

Li N, Lee B, Liu RJ, et al. mTOR-dependent synapse formation underlies the rapid
antidepressant effects of NMDA antagonists. Science (80- ). 2010;329(5994).
doi:10.1126/science.1190287

Duman RS. Ketamine and rapid-acting antidepressants: A new era in the battle against
depression and suicide. F'1000Research. 2018;7. doi:10.12688/f1000research.14344.1
Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D. Depression and risk for
Alzheimer disease: Systematic review, meta-analysis, and metaregression analysis.
Arch Gen Psychiatry. 2006;63(5). doi:10.1001/archpsyc.63.5.530

Jorm AF. Is depression a risk factor for dementia or cognitive decline? Gerontology.
2000;46(4). doi:10.1159/000022163

J. S, PJ. B, D. S, C. R. Antidepressant treatment of geriatric depression with executive
dysfunction and other cognitive impairments. Am J Geriatr Psychiatry. 2012;20(3
SUPPL. 1).

Byers AL, Yaffe K. Depression and risk of developing dementia. Nat Rev Neurol.
2011;7(6). doi:10.1038/nrneurol.2011.60

Du M, Liu J, Chen Z, et al. Brain grey matter volume alterations in late-life depression.
J Psychiatry Neurosci. 2014;39(6). doi:10.1503/jpn.130275

Seino Y, Yabe D. Glucose-dependent insulinotropic polypeptide and glucagon-like
peptide-1: Incretin actions beyond the pancreas. J Diabetes Investig. 2013:;4(2).
doi:10.1111/3di.12065

Lau J, Bloch P, Schiffer L, et al. Discovery of the Once-Weekly Glucagon-Like
Peptide-1 (GLP-1) Analogue Semaglutide. J Med Chem. 2015;58(18).
doi:10.1021/acs.jmedchem.5b00726

Kosaraju J, Murthy V, Khatwal RB, et al. Vildagliptin: An anti-diabetes agent
ameliorates cognitive deficits and pathology observed in streptozotocin-induced
Alzheimer’s disease. J Pharm Pharmacol. 2013;65(12). doi:10.1111/jphp.12148

Perry TA, Lahiri DK, Sambamurti K, et al. Glucagon-like peptide-1 decreases
endogenous amyloid-p peptide (AP) levels and protects hippocampal neurons from
death induced by AP and iron. J Neurosci Res. 2003;72(5). doi:10.1002/jnr.10611
Zhang L, Zhang L, Li L, Holscher C. Semaglutide is neuroprotective and reduces o-
synuclein levels in the chronic MPTP mouse model of Parkinson’s disease. J

Parkinsons Dis. 2019;9(1). doi:10.3233/JPD-181503

18



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Pintana H, Apaijai N, Chattipakorn N, Chattipakorn SC. DPP-4 inhibitors improve
cognition and brain mitochondrial function of insulin-resistant rats. J Endocrinol.
2013;218(1). doi:10.1530/JOE-12-0521

Bertilsson G, Patrone C, Zachrisson O, et al. Peptide hormone exendin-4 stimulates
subventricular zone neurogenesis in the adult rodent brain and induces recovery in an
animal model of Parkinson’s disease. J Neurosci Res. 2008;86(2).
doi:10.1002/jnr.21483

Isacson R, Nielsen E, Dannaeus K, et al. The glucagon-like peptide 1 receptor agonist
exendin-4 improves reference memory performance and decreases immobility in the
forced swim test. Eur J Pharmacol. 2011;650(1). doi:10.1016/j.ejphar.2010.10.008
Kim S, Moon M, Park S. Exendin-4 protects dopaminergic neurons by inhibition of
microglial activation and matrix metalloproteinase-3 expression in an animal model of
Parkinson’s disease. J Endocrinol. 2009;202(3). doi:10.1677/JOE-09-0132

Kelly JR, Borre Y, O’ Brien C, et al. Transferring the blues: Depression-associated gut
microbiota induces neurobehavioural changes in the rat. J Psychiatr Res. 2016;82.
doi:10.1016/j.jpsychires.2016.07.019

Cryan JF, Dinan TG. Mind-altering microorganisms: The impact of the gut microbiota
on brain and behaviour. Nat Rev Neurosci. 2012;13(10). doi:10.1038/nrn3346

Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis: Regulation by the
microbiome. Neurobiol Stress. 2017;7. doi:10.1016/j.ynstr.2017.03.001

Zheng P, Zeng B, Zhou C, et al. Gut microbiome remodeling induces depressive-like
behaviors through a pathway mediated by the host’s metabolism. Mol Psychiatry.
2016;21(6). doi:10.1038/mp.2016.44

Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the brain-
gut-enteric  microbiota axis. Nat Rev Gastroenterol Hepatol. 2009;6(5).
doi:10.1038/nrgastro.2009.35

Mayer EA, Knight R, Mazmanian SK, Cryan JF, Tillisch K. Gut microbes and the
brain:  Paradigm  shift in  neuroscience. J  Neurosci.  2014;34(46).
doi:10.1523/JINEUROSCI.3299-14.2014

Jiang H, Ling Z, Zhang Y, et al. Altered fecal microbiota composition in patients with
major depressive disorder. Brain Behav Immun. 2015;48.
doi:10.1016/5.bbi.2015.03.016

Wang Y, Kasper LH. The role of microbiome in central nervous system disorders.

19



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Brain Behav Immun. 2014;38. do0i:10.1016/j.bbi.2013.12.015

Aizawa E, Tsuji H, Asahara T, et al. Possible association of Bifidobacterium and
Lactobacillus in the gut microbiota of patients with major depressive disorder. J Affect
Disord. 2016;202. doi:10.1016/j.jad.2016.05.038

Bravo JA, Forsythe P, Chew M V., et al. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc Natl Acad Sci U S A. 2011;108(38). doi:10.1073/pnas.1102999108
Desbonnet L, Garrett L, Clarke G, Kiely B, Cryan JF, Dinan TG. Effects of the
probiotic Bifidobacterium infantis in the maternal separation model of depression.
Neuroscience. 2010;170(4). doi:10.1016/j.neuroscience.2010.08.005

Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP. Breaking down the
barriers: The gut microbiome, intestinal permeability and stress-related psychiatric
disorders. Front Cell Neurosci. 2015;9(OCT). doi:10.3389/fncel.2015.00392

Liu RT, Walsh RFL, Sheehan AE. Prebiotics and probiotics for depression and anxiety:
A systematic review and meta-analysis of controlled clinical trials. Neurosci Biobehav
Rev. 2019;102. doi:10.1016/j.neubiorev.2019.03.023

Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifidobacteria in gut
microflora improve high-fat-diet-induced diabetes in mice through a mechanism
associated with endotoxaemia. Diabetologia. 2007;50(11). doi:10.1007/s00125-007-
0791-0

Everard A, Belzer C, Geurts L, et al. Cross-talk between Akkermansia muciniphila and
intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci U S A.
2013;110(22). doi:10.1073/pnas.1219451110

Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: Interactions
between enteric microbiota, central and enteric nervous systems. Ann Gastroenterol.
2015;28(2).

Reigstad CS, Salmonson CE, Rainey JF, et al. Gut microbes promote colonic serotonin
production through an effect of short-chain fatty acids on enterochromaffin cells.
FASEB J. 2015;29(4). doi:10.1096/1j.14-259598

Park AJ, Collins J, Blennerhassett PA, et al. Altered colonic function and microbiota
profile in a mouse model of chronic depression. Neurogastroenterol Motil. 2013;25(9).
doi:10.1111/nmo.12153

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity, stability and

20



110.

I11.

112.

113.

114.

resilience  of the human gut microbiota.  Nature.  2012;489(7415).
doi:10.1038/nature1 1550

Dinan TG, Stilling RM, Stanton C, Cryan JF. Collective unconscious: How gut
microbes shape human behavior. J  Psychiatr Res. 2015;63.
doi:10.1016/j.jpsychires.2015.02.021

Bravo JA, Julio-Pieper M, Forsythe P, et al. Communication between gastrointestinal
bacteria and the nervous system. Curr Opin Pharmacol. 2012;12(6).
doi:10.1016/j.coph.2012.09.010

Hsiao EY, McBride SW, Hsien S, et al. Microbiota modulate behavioral and
physiological abnormalities associated with neurodevelopmental disorders. Cell.
2013;155(7). doi:10.1016/j.cell.2013.11.024

Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for microbiome-brain-gut axis
communication. Adv Exp Med Biol. 2014;817. doi:10.1007/978-1-4939-0897-4 5
Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JF, Burnet PWJ. Psychobiotics and the
Manipulation of Bacteria—Gut—Brain Signals. Trends Neurosci. 2016;39(11).
doi:10.1016/j.tins.2016.09.002

21



