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SUMMARY OF THE RESEARCH  

Depression and anxiety are pathological conditions that have reached epidemic proportions 

in recent times. It is classified as the most common psychiatric disease, with an increased 

incidence. A growing body of experimental evidence suggests that mood disorders, 

particularly depressive states, may be associated with the onset of neurological disorders such 

as Alzheimer's disease (AD). In this regard, depression has been identified as a potential risk 

factor for AD, the most common cause of dementia, accounting for up to 80% of cases[1]. 

Neuropathological studies have identified the deposition of amyloid β-peptides as a 

characteristic pathological feature, which results in the formation of insoluble plaques within 

the brain [2]. Aβ has been demonstrated to play a critical role in the pathogenesis of depressive 

symptoms reminiscent of AD. In fact, research has shown that the Aβ peptide, a major 

component of amyloid plaques, which are widely regarded as the primary histological marker 

of AD, is elevated in its soluble form in patients with depressive disorders [3]. The existing 

literature indicates that depression is more prevalent in women relative to men. However, the 

role of gender predisposition in the etiology of this disorder remains inconclusive. 

Consequently, there is a clear imperative for further research into novel risk factors and 

markers. The WHO identified in the Global Plan of Action on the Public Health Response to 

Dementia identified several risk factors that require attention, including the prevention and 

management of depression and the promotion of balanced and healthy lifestyles and diets. 

Among the studies examining the role of dietary factors, a fundamental role is fulfilled by 

polyunsaturated fatty acids (PUFAs). PUFAs are essential for the proper functioning of the 

brain. They play an integral role in maintaining the health of neurons, ensuring the optimal 

performance of synapses, and regulating neuronal communication. It is essential to highlight 

the role of n-3 PUFAs in the regulation of cellular membrane fluidity and modulation of 

processes such as synaptogenesis and neurotrophins factor expression. Indeed, when diets 

exhibit a notable reduction in n-3 PUFAs, the endoplasmic reticulum, along with 

peroxisomes, engage in the metabolic production of derivatives from the n-6 PUFA family. 

The imbalance between n-3 and n-6 PUFAs in favor of n-6 PUFAs is recognized as a 

contributing factor to central nervous system (CNS) dysfunction. This is due to the role of n-

6 PUFAs in initiating the cascade of neurodegenerative changes, which exacerbates the course 
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of psychiatric disorders. There is substantial evidence to suggest that a diet deficient in n-3 

PUFAs increases the risk of developing depressive-like and anxiety-like disorders.  

Previous findings obtained in the laboratory where this project is being conducted indicated 

that exposure to a diet lacking in n-3 PUFA resulted in the emergence of depression-like 

symptoms as early as adolescence in female rats or in early adulthood in animals of both 

sexes. These symptoms were subsequently linked to elevated levels of Aβ in adulthood. 

In order to understand whether the mechanisms underlying these findings were only 

associated with effects occurring at the central level or if they were instead linked to peripheral 

toxicity mechanisms, we evaluated the impact of a diet low in n-3PUFA on the spleen-brain 

axis. Indeed, recent evidence point to a role for the spleen-brain axis in the etiology of mood 

disorders and neuroimmune communication. About this matter, the available evidence points 

towards the conclusion that the system responsible for the generation of metabolic by-

products of tryptophan can be identified as the TRYCAT system. Indeed, following the 

induction of the inducible enzyme indoleamine 2,3-dioxygenase (IDO-1), tryptophan can be 

transformed into kynurenine, which in turn is transformed into kynurenic acid (KYNA) or 3-

hydroxyquinurenine (3H-KYN). These molecules may play a significant role in the etiology 

of neuropsychiatric diseases, but these substances hold immune-modulatory functions also 

into the spleen. Furthermore, given that at this stage of life, there is an increased prevalence 

of anxious phenomena, the effects of this dietary deficiency have been investigated using 

specific behavioral tests. We demonstrated that a diet deficient in n-3 PUFA could evoke an 

anxiety-like state in male and female rats during their adolescent years, which was 

subsequently accompanied by a lifelong reduction in n-3 PUFA intake. This deficiency was 

associated with a reduction in cortical serotonin (5-HT) in females, while there was an 

alteration in the levels of the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) 

in males. In male rats, a diet deficient in n-3 PUFA resulted in a significant increase in 

systemic kynurenine levels, while the pro-oxidant metabolite 3-hydroxy-kinurenine was 

elevated in both sexes. Furthermore, we had demonstrated that the stress axis was 

hyperactivated and this was associated with a sex-dependent spleen –immune response. 

Indeed, we found a significant IDO activation in the spleen of both male and female 

adolescent rats exposed to n-3 PUFA deficiency, likewise 3-H-KYN was higher in animals of 
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both sexes, confirming circulating plasma levels. However, adaptive immunity was altered 

only in male rats.  

Subsequently, an additional protocol was employed to assess the potential of reintroduced n-

3 PUFA to restore deficiency-induced deficits in this fatty acid. In a further series of 

experiments, we evaluated the effects of the experimental paradigm in female rats exposed 

for up to 8 weeks to a deficiency state, followed by a subsequent period of re-exposure to high 

levels of n-3 PUFA up until the age of 16 weeks. In this regard, we found that n-3 PUFA 

reintroduction was able to restore only partially the deficits induced by a diet with poor n-3 

PUFA content. Indeed, while behavioral impairment was counterbalanced by n-3 PUFA 

supplementation, increased oligomeric Aβ levels were maintained within the CNS of treated 

rats, indicating that long term n-3 PUFA deficiency can cause long-lasting deficits. 
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1. N-3 PUFAs in the Central Nervous System 

 
A growing body of evidence supports the beneficial effects of an increased intake of omega-

3 polyunsaturated fatty acids (n-3 PUFAs) in a variety of neurodegenerative and neurological 

disorders.  

Fatty acids are components of lipids and cell membranes in the form of phospholipids. They 

play many roles in the body. They are also important energy substrates, accounting for about 

30% of total energy intake and stored in adipose tissue. 

Fatty acids are composed of carbon chains with a methyl group (CH3) at one end (omega (ω) 

or n-end) and a carboxyl group (COOH) at the other end. The carbon chains of fatty acids 

contain no double bonds (saturated fatty acids), one double bond (monounsaturated fatty 

acids) or more than one (polyunsaturated fatty acids, PUFA). There is a distinction between 

two types of PUFAs, n-6 PUFAs and n-3 PUFAs, which is determined by the position of the 

first double bond relative to the end portion of the molecule.  

The n-3 PUFAs, which comprise alpha-linolenic acid (ALA), docosapentaenoic acid (DPA), 

DHA(DHA), and eicosapentaenoic acid (EPA). They are key modulators of numerous neural 

functions throughout life (Figure 1) [4].  

 

(Figure 1) Chemical Structures n-3 PUFAs and n-6 PUFAs[5] 

Among their multiple actions, n-3 PUFAs play a pivotal role in regulating membrane 

composition, which in turn affects membrane order, the formation of lipid rafts, intracellular 
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signaling processes, gene expression, as well as the production of lipid and peptide 

mediators[5].  

Additionally, these fatty acids have been observed to inhibit various aspects of inflammation.  

This includes the inhibition of processes such as leucocyte chemotaxis, adhesion molecule 

expression, leukocyte-endothelial interactions, the production of prostaglandins and pro-

inflammatory cytokines, as well as the activation of the pro-inflammatory transcription factor 

nuclear factor B (Figure 2) [6].  

Additionally, n-3 PUFAs have been demonstrated to inhibit the expression of pro-

inflammatory factors by suppressing the expression of toll-like receptor 4 (TLR4) and TNFR, 

involved in the regulation of inflammation. In relation to the cellular immune response, the 

n-3 PUFAs have also been shown to enhance the expression of the macrophage or microglia 

M2 phenotype, which has a positive effect on the resolution of inflammation [7]. 

 

(Figure 2) The reverse effects of n−3 and n−6 fatty acids [6] 

 

Moreover, the EPA and DHA can induce the synthesis of prostaglandin mediators with anti-

inflammatory and resolution properties, such as the resolvins.  

In accordance with typical Western dietary patterns, cellular content of n-3 PUFAs in humans 

is notably deficient. ALA constitutes the most significant dietary source of n-3 PUFAs, 

however, since it is not endogenously synthesized by humans, it must be derived from plant 
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sources, including flaxseeds, cranberry seeds, walnuts, almonds, nuts, kiwi seeds, canola oil, 

soybeans, and chia seeds. 

DHA, EPA and other n-3 PUFAs could be biosynthesized from ALA but, unfortunately, the 

enzymes involved in their biosynthesis have become across centuries less efficient, thus their 

tissue content is mainly based on dietary intake  from a variety of sources, including animal 

meats, salmon, fish oil, and certain algae and crustaceans[6].  

As previously reported, cell membranes contain a high concentration of n-3 PUFAs and 

regulating numerous neurobiological processes, including neurotransmission, neuroplasticity, 

and inflammation. Increased intake of n-3 PUFAs has been demonstrated to confer benefits 

on brain health and function throughout the lifespan [8]. A multitude of longitudinal and cross-

sectional studies conducted on individuals in good health demonstrated that elevated 

consumption of n-3 PUFAs exerts anxiolytic and antidepressant effects and is linked to 

augmented cognitive performance and reduced risk of dementia. These effects may be 

mediated by various mechanisms, including: The increase of brain 5-HT (5-HT) levels, the 

elevation of hippocampal brain-derived neurotrophic factor (BDNF) levels, the stimulation 

of neurogenesis in the hippocampal dentate gyrus, the attenuation of the HPA axis response 

to stressors, and the reduction of neuroinflammation are all potential mechanisms that may 

be involved in the observed anxiolytic and antidepressant effects [9].  

A multitude of empirical studies have demonstrated a robust association between 

inflammation and depression. Depression is frequently accompanied by an increase in 

neuroinflammation. In the central nervous system (CNS), there has been observed an 

increased production of pro-inflammatory cytokines, which could originate from either the 

periphery or be generated by cells within the CNS [10].  

Furthermore, there has been noted an activation of the resident immune cells of the brain, 

namely microglia. Chronic psychological or physiological stress results in the occurrence of 

neuroinflammation, which plays a crucial role in the development of depressive disorders. 

Neuroinflammation is closely associated with the deficiencies of monoamine 

neurotransmitters, the dysfunction of neurotransmitters within the brain, hyperactivation of 

the HPA axis, the generation of oxidative stress, neurodegeneration, and cognitive decline, 

among other factors. N-3 PUFAs and their derivatives have been demonstrated to be effective 

in reducing neuroinflammation, with the potential to be therapeutically beneficial in the 
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treatment of neuroinflammation-related brain or mental diseases, such as Alzheimer’s disease 

and depression [11]. 

N-3 PUFAs play a pivotal role in the prevention of neurodegeneration. They inhibit 

neuroinflammation, promote synaptic plasticity and neurogenesis, facilitate nervous system 

repair, and protect against the reduction of grey matter volume and the decline of white matter 

integrity. These lipids can prevent neurodegeneration by modulating a variety of pathways, 

including anti-apoptotic, anti-oxidative, and anti-inflammatory pathways (Figure 3). 

(Figure 3) Anti-inflammatory n-3 PUFAs[12] 

N-3 PUFAs supplementation has been demonstrated to increase the synthesis of the 

neurotrophic factor BDNF [12]. The latter plays an important role in protecting against 

neurodegeneration and promoting neuronal plasticity, thereby offering potential for the 

treatment of depression (Figure 3). 

Nerve growth factor (NGF) is a molecule that plays a pivotal role in the pathogenesis of 

depression and other neurological disorders, such as Alzheimer's disease. 

Moreover, a deficiency in the intake of N-3 PUFAs, particularly in the perinatal period, has 

been linked to a reduction in the BDNF concentration. Interestingly, studies conducted in 
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humans have indicated that the n-3 PUFAs content of the diet is inversely correlated with the 

development of depressive symptoms, and such findings have been corroborated by animal 

studies. There is growing evidence that a diet supplemented with PUFAs can have an impact 

on the biology and function of the brain. For example, diets high in n-6 to n-3 PUFAs ratio 

have been associated with a variety of affective, cognitive and behavioral deficits. 

Furthermore, patients diagnosed with a range of conditions, including Alzheimer’s disease 

(AD) and major depression, exhibit lower levels of n-3 PUFA and higher levels of n-6 PUFA 

in the brain and plasma. In particular, diets with a high n-6/n-3 ratio have been demonstrated 

to result in the inhibition of monoamine neurotransmission, neurogenesis impairment, HPA 

stress axis activity alterations and the induction of depressive-like behavior. In contrast, diets 

that exhibit a relatively low ratio of n-6 to n-3 fatty acids have been associated with enhanced 

cognitive performance and a reduced risk of developing depressive illness [13] 

1.1 n-3 PUFAs in Neurodevelopment 

 

Long-chain -PUFAs are now widely recognized as key dietary components, given their 

essential functions in neurodevelopment. These lipids are integral to the formation and 

maintenance of neuronal membranes, the modulation of neuroinflammation, and the 

facilitation of neurogenesis and synaptic plasticity. Despite their acknowledged importance 

in neurodevelopment, the precise mechanisms through which specific dietary they contribute 

to the development of CNS and their optimal levels during various stages of childhood remain 

an area of ongoing research.  

As the name suggests, essential fatty acids (EFAs) constitute a group of fats that are of vital 

importance for the maintenance of human health. As EFAs cannot be synthesized in sufficient 

quantities by organisms, they must be provided through the diet. In the process of 

condensation in cells, acetyl-CoA facilitates the formation of palmitic acid, which contains 

16 carbon atoms.  

Furthermore, elongation and desaturation in the endoplasmic reticulum result in an increase 

in the length of the aliphatic chains and the introduction of double bonds into the FA 

molecules. Although desaturases present in mammalian cells are capable of introducing 

double bonds in specific locations (Δ9, 6, 5, and 4), they cannot be incorporated into positions 
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beyond the tenth carbon of the fatty acid chain. Consequently, only ALA and LA are essential 

for the human diet, as they are precursors of other members of the omega-3 and omega-6 

families, respectively. PUFAs are chemically bound to glycerol molecules in the form of 

triacylglycerols (TAGs) or diacylglycerols in all major dietary sources. Other notable 

chemical entities containing FAs include phospholipids (e.g., lecithin) and cholesterol esters. 

In a manner analogous to other long-chain fatty acids (LCFAs), ALA is absorbed from the gut 

and enters the systemic circulation. There, it is primarily esterified into triacylglycerols 

carried by chylomicron particles, the latter of which originate from the intestine. The 

triacylglycerols are then subjected to further hydrolysis by lipoprotein lipase, the latter of 

which is expressed in the endothelial cell layer [14].  

The conversion of omega-6 and omega-3 FAs is a competitive process, as both utilizes the 

same metabolic pathways. However, in circumstances where the availability of LA exceeds 

that of ALA, metabolism of the former is observed to exceed that of the latter. Additionally, 

the conversion of ALA to EPA and DHA has been found to be more efficient in females than 

in males [15]. 

Considering these biochemical properties, it can be posited that a well-balanced diet should 

not only contain an adequate intake of n-3 and n-6 PUFAs in total, but also a proportionate 

ratio between them. Essential for proper brain function, lipids are critical biochemical 

components of the brain and they are thought to play a key role in developing the brain. 

Indeed, DHA and ARA are particularly concentrated in the human brain during the 

developmental period. In contrast, the accretion of EPA in the brain is minimal. 

It is significant to note that the only source of long-chain LC n-3 PUFAs for the fetus is the 

maternal diet (Figure 4).  

According to the World Health Organization (WHO), the minimum intake values for EFAs to 

prevent deficiency symptoms are estimated at the following levels: 2.5% of daily energy 

intake should be consumed as LA, and 0.5% of daily energy intake should be consumed as 

ALA.  

For adults, the recommended daily intake of EPA and DHA is set at 250 mg. This applies to 

males and non-pregnant and non-lactating females alike. 

In line with the guidance of the National Health Security Agency (ANSES), the European 

Scientific Committee on Food (ESCF) and the International Society for the Study of Fatty 
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Acids and Lipids (ISSFAL), the recommended intake of LC n-3 PUFA for the optimal 

development of children and adolescents is estimated to be approximately 500 mg per day of 

EPA and DHA [16].  

Clinical studies have demonstrated that the recommended dose for EPA and DHA 

supplementation during pregnancy should range from 200 to 1000 milligrams per day [16; 

17].  

Despite the lack of consensus on the precise dose of EPA and DHA required during gestation 

and lactation for optimal brain development, there is a general agreement that the intake of 

these fatty acids during this period should be increased. 

 

 

(Figure 4) Dietary sources of n-6 and n-3 polyunsaturated fatty acids and impact in brain development.  

AA: arachidonic acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; LCPUFA: long-chain 

polyunsaturated fatty acid; LA: linoleic acid [18] 

The fatty acid composition of the brain in rodents is comparable to that of humans, comprising 

approximately 12% DHA and 10% AA. Fatty acids are esterified in several phospholipids, 

including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 

(PS), and phosphatidylinositol (PI) [16; 19]. 
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The relative proportions of these phospholipids in biological membranes vary, with PC 

representing 42–44% of the total, PE 36–40%, PS 11–13%, and PI 2–3%. It can be 

demonstrated that the accumulation of both n-3 and n-6 polyunsaturated fatty acids (PUFAs) 

begins during gestation. This process is commonly referred to as ‘accretion’[20].  

As previously noted, the increase in DHA during both the prenatal and postnatal periods is 

contingent on maternal and infant DHA intake levels. 

The accumulation of DHA in the brain is massive, with a nearly 30-fold increase in the first 

two years of life. In humans, DHA begins to accumulate during the third trimester of 

pregnancy, while the accumulation is low during the first or second trimester of pregnancy 

[21]. 

In humans, an exponential accretion of LC n-3 and n-6 PUFAs was observed between 

gestational weeks 26 and 43. Conversely, post-natal LC PUFAs accretion is relatively steady. 

During the final four weeks of gestation, the fetal DHA accretion rate reaches 40 mg/day in 

humans. The elevated DHA requirement of the fetal brain is met by the mother, because of 

augmented DHA synthesis from ALA and the mobilization of maternal DHA reserves from 

adipose tissue [22].  

For comparative purposes, in rodents, DHA accumulates within the brain during the first three 

weeks of postnatal life, exhibiting a 10-fold surge. There is little data on the rate of accretion 

of LC PUFAs in different brain cell types (neurons, astrocytes, microglia, and 

oligodendrocytes) during brain development. Free acids (FAs) and their metabolites have been 

shown to be instrumental in the maintenance of brain homeostasis, influencing a multitude of 

neural processes, including cell survival, neurogenesis, and synaptogenesis [23]. 

DHA is a vital constituent of neural membranes, representing approximately 30–40% of 

phospholipids in the grey matter of the cerebral cortex and photoreceptor cells of the retina. 

It plays an instrumental role in modulating the physicochemical properties of synaptic 

membranes, including fluidity, permeability, and viscosity [24].  

Additionally, DHA exerts a significant influence on neurotransmission, gene expression, and 

the activities of enzymes, receptors, and ion channels, underscoring its importance in 

maintaining optimal neural functioning.  
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The incorporation of DHA into membrane phospholipids, particularly 

phosphatidylethanolamine, is a key process in brain development. This leads to the growth of 

neuronal processes, the formation of synapses, and the generation of new neurons. 

DHA accumulates in synaptosomes and exerts regulatory control over synaptic proteins. 

Additionally, DHA is present in the membranes of astrocytes, microglia, and 

oligodendrocytes. Recently, data has emerged demonstrating that DHA in the membrane of 

glial cells modulates their activity, the formation of syncytium in astrocytes, 

neuroinflammation in microglia, and myelin formation in oligodendrocytes [25]. It is notable 

that the EPA is found in microglia. EPA stimulates the expression of myelin-associated 

proteins in the rat brain. Better myelination may be associated with improved segregation of 

electrochemical signals transmitted to axons; this may lead to faster information processing 

and improved cognition in people with high levels of n-3 LCPUFAs. This suggests that these 

cells may play an important role in the mediation of the neuroprotective effect observed in 

mood disorders following dietary supplementation with EPA. A significant elevation in the 

levels of DHA and ALA is observed in the third trimester of fetal brain development, 

coinciding with a period of accelerated neuronal growth and the formation of synaptic 

connections.  

A multitude of studies have demonstrated the significance of LC n-3 and n-6 PUFAs intake 

by the mother for the adequate intake of the fetus and newborn. This is achieved through 

maternal dietary intake, which is transferred through the placenta during gestation and then 

by milk during lactation (Figure 5). In recent years, there has been a particular focus on DHA 

dietary intake in pregnant women, with the aim of promoting optimal brain development of 

the fetus. This is because the fetus is unable to produce its own DHA and is therefore 

dependent on the maternal supply. 
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(Figure 5) Food sources of omega-3 unsaturated fatty acids (DHA, EPA, and ALA) and their roles in central 

nervous system development. ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, EPA[13] 

The transfer of maternal lipids to the fetus occurs across the placenta, via free or specific 

transport of unesterified fatty acids. Indeed, during the third trimester of gestation, the transfer 

of PUFAs occurs from mother to fetus, via the placenta. The transfer is facilitated by the fatty 

acid translocase (FAT/CD36) and the fatty acid transport protein (FATP), both of which are 

present at the placental membrane. These transporters are situated on both microvillus and 

basal membranes (maternal and fetal sides, respectively) of the human placental cell. The 

ability to transport free fatty acids in both directions is a function of these transporters. The 

placental membrane fatty acid-binding protein (p-FABPpm) is exclusively located on the 

microvillous membrane, where it facilitates the transport of AA and DHA from maternal 

plasma to the fetus. 

The exclusive presence of p-FABPpm on the maternal side may facilitate the unidirectional 

flow of LC PUFAs from mother to fetus. Additionally, cytosolic form of FABP has been 

detected in both primary human trophoblasts and human placental choriocarcinoma cells, two 

models of in vitro embryonic culture, as well as in murine placenta. 

Regarding DHA, which is crucial for optimal brain development, free DHA is transferred 

from the mother to the offspring via the placenta. Several plasma pools are a major source for 

free DHA. Indeed, plasma DHA is esterified in several lipids, including phospholipids (PL), 

lysophospholipids, cholesteryl-esters, and triacyl-glycerol (TG). The hydrolysis of 
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chylomicrons, which are rich in triglycerides (TG), by lipoprotein lipases (LPL) represents an 

important source of free DHA found in the blood [13].  

During gestation, a free DHA maternal pool serves as a crucial source for the uptake and 

accretion of DHA by the placenta and the fetus.  

The blood-brain barrier (BBB) is a physiological barrier that restricts the passage of various 

substances from the bloodstream to the brain, including blood cells, neurotoxic plasma 

molecules, pathogens, and the delivery of metabolites and essential nutrients, including LC 

PUFAs, to the brain. Several transport systems that regulate the entry of nutrients are 

expressed by endothelial cells of the BBB, including those for glucose, specific amino acids, 

vitamins, fatty acids and DHA transporters.  

The primary sources of brain DHA are free DHA and lysophosphatidylcholine (LPC)-DHA. 

The uptake of these forms of DHA by the brain depends on a few mechanisms, including free 

passage and specific transporters on the BBB. Proliferation and differentiation of neural stem 

cells (NSCs) and neurogenesis have been reported to be influenced by both DHA and AA 

[26]. Dietary n-3 PUFAS deficiency in early life induces a delay in the migration of neuronal 

cells in the embryonic brain, as well as in newborns and during postnatal life. Regarding the 

role of LC PUFAs in synaptogenesis, several lipid metabolizing enzymes have been identified 

at synaptic terminals where they can locally modulate synaptic transmission. High levels of 

AA and DHA, which are incorporated into the expanding membrane surface, are required for 

mature synapses formed during brain growth. By accumulating in neuronal growth cones and 

mature synaptic membranes during perinatal brain development in rodents, DHA modulates 

membrane signaling and synaptogenesis. 

In recent times, there has been a growing focus on the role of LC PUFAs in regulating 

microglia activity and neuroinflammation during brain development. Microglia, the resident 

brain macrophage-like cells that represent 5% to 15% of brain cells, are well-known to be 

crucial mediators of neuroinflammatory processes in response to injury or lesion, including 

through interactions with brain-infiltrating immune cells. N-6 and n-3 PUFAs regulate 

neuroinflammation either directly, or through their metabolites, including oxylipins and 

endocannabinoids. It is common practice to categorize glial cells into three primary groups: 

astrocytes, microglia, and oligodendrocytes. Each of the groups plays a pivotal role in 

ensuring the health of neurons in its vicinity. Astrocytes are the primary source of DHA, which 
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is synthesized (essential) within the central nervous system. Although the majority of DHA 

in the CNS is obtained from dietary sources (non-essential), the synthesis of DHA from ALA 

by astrocytes in response to various stimuli is crucial for neuroinflammation and cell survival 

[27]. DHA has been demonstrated to mitigate microglial-induced inflammation by impeding 

the activation of the nuclear factor κB (NF-κB) and mitogen-activated protein kinase (MAPK) 

pathways. Conversely, deficiencies in this essential omega-3 fatty acid have been linked to 

heightened expression of pro-inflammatory cytokines, including interleukin-6 (IL-6) and 

tumor necrosis factor α (TNF-α), in various physiological contexts. It has been demonstrated 

in research studies that fatty acid metabolism has a pivotal role to play in the regulation of 

astrocyte function, both in normal and pathological states [28]. Some studies have 

demonstrated that the synthesis of fatty acids by astrocytes is a requisite process for neuronal 

differentiation during development. It has been demonstrated that an elevation in albumin 

during this period of development is associated with the upregulation of Sterol Regulatory 

Element-Binding Protein 1 (SREBP-1). This leads to the accumulation of oleic acid, a 

monounsaturated fatty acid (MUFA). The transfer of astrocytic oleic acid to PC and PE in 

neurons is horizontal and occurs to facilitate neuronal differentiation. Sphingomyelin is 

synthesized by oligodendrocytes, which stimulates myelination. This data therefore indicates 

that fatty acid metabolism is an important factor in the functionality of astrocytes under 

physiological and pathological conditions. N-3 PUFAs exposure in the hippocampus has been 

demonstrated to enhance synaptic plasticity. This is evidenced by increased expression of 

synaptic proteins, dendritic spine density, and long-term potentiation. Additionally, 

glutamatergic synaptic activity is augmented, accompanied by an increase in the expression 

of synapsin and glutamate receptor subunits. DHA exerts its effects on glutamate transporters, 

including GLT1, GLAST, and excitatory amino acid transporter 3 (EAAC1), through the 

modulation of extracellular Ca2+, Ca2+/calmodulin-dependent protein kinase II (CaM), and 

protein kinase C. Cerebral endothelial and glial cells can produce DHA and EPA from dietary 

sources and serve as precursors for DHA [29]. Nevertheless, the capacity for endogenous 

synthesis or conversion of DHA is notably limited. It can be concluded, therefore, that dietary 

DHA represents the primary source of DHA in the brain. Although neurons are unable to 

synthesize PUFAs, they are nevertheless capable of incorporating them into their membranes. 

Additionally, DHA can be metabolized to docosahexaenoylethanolamide (DEA), the principal 
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endogenous ligand of orphan adhesion G-protein-coupled receptor 110 (GPR110, ADGRF1) 

in the brain. Activation of the GPR110 receptor by the endogenous ligand synaptamide has 

been shown to promote neurogenesis, neurite growth and synaptogenesis in the developing 

brain through the cAMP signal transduction pathway. GPR40/FFAR1 is a free fatty acid 

receptor expressed in distinct regions of CNS, including the cortex, hypothalamus, and spinal 

cord. DHA is a GPR40/FFAR1 agonist [30]. Experimental research has demonstrated that 

GPR40/FFAR1 plays a crucial role in mediating the effects of DHA on a variety of 

physiological activities. These include the regulation of glucose levels, insulin secretion, the 

secretion of hormones within the digestive system, taste perception, as well as bone 

remodeling. Additionally, activation of the GPR40 receptor within the CNS has been linked 

to pain control and the regulation of cognition and emotional behavior. The beneficial actions 

of DHA may be attributable, at least in part, to a stimulation of PS production and the 

subsequent accumulation of DHA-containing PS (DHA-PS) in neuronal membranes. This 

process leads to the modulation of signaling transduction pathways that are vital for neuronal 

differentiation and survival. Additionally, DHA is transformed into lipid mediators that are 

neuroprotective and stimulate signal transduction pathways that facilitate neurogenesis, 

neurite outgrowth, and synaptogenesis in developing neurons. Collectively, these mechanisms 

seem to underpin the effects of DHA on neurodevelopment and neurodegeneration [31]. 

 

1.2 Deficit of n-3 PUFAs in Neurodevelopment 

The fatty acid composition of membrane phospholipids in the central nervous system is 

known to be strongly affected by a diet deficient in ALA, the precursor of n-3 PUFA.  

The many functions of PUFA suggest that a deficiency or imbalance of these nutrients during 

the developmental phase may have far-reaching consequences in terms of brain function. The 

greatest risk of impaired neural development is in newborns with low birth weight. AA and 

DHA deficiencies are often associated with low birth weight and small head circumference. 

However, inadequate maternal nutrition is usually the cause of low birth weight. On the other 

hand, it is known from observational studies that an increase in the consumption of fish during 

pregnancy is associated with reduces the risk of preterm birth and low birth weight [32]. 
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Dietary n-3 PUFAs exert a multitude of influences on the maturation and functionality of the 

brain, including modulation of neural maturation, sensorimotor integration, spatial memory, 

and motor coordination in murine brains. Nutritional deficits and imbalances, whether 

occurring in utero or throughout life, have been shown to exert a profound impact on cerebral 

function. A substantial body of observational evidence has established a correlation between 

neurodevelopmental disorders observed during childhood and n-6/n-3 fatty acid imbalances.  

One method of enhancing the health benefits of a diet is through the re-formulation of such 

diets with variable amounts of n-3 and n-6 PUFAs supplements. However, the optimum ratio 

of n-3 and n-6 PUFAs remains to be determined.  

The administration of balanced supplements of n-3 and n-6 PUFAs has been shown to have 

the potential to confer benefits. It is also noteworthy that balanced diets have been shown to 

be beneficial for early brain development. The diets, which were supplemented with a higher 

content of n-3 PUFAs than that of n-6 PUFAs at a variable ratio from 1:3.5 to 1:5, reinforced 

rodent memory and long-term potentiation of synapses. The diets with a 1:4 ratio of n-3 and  

n-6 PUFAs potentially ameliorated anxiety, sleep deprivation, cognitive impairment, and 

attention deficiency, as reported by a combination of rodent models and clinical studies. 

The overall population, in addition to children and adolescents, frequently exhibits 

insufficient levels of LC-n-3PUFAs, specifically EPA and DHA. In the dietary habits of 

developed Western nations, food is typically abundant in n-6 PUFAs, such as LA and AA, 

while being scarce in long-chain omega-3 PUFAs, including EPA and DHA. 

As described in the preceding paragraphs, DHA is involved in neurodevelopment processes, 

including synaptogenesis, neuron differentiation, and axon growth and regeneration, 

indicating a possible link between DHA deficiency and neurodegenerative disorders. 

Evidence suggests that inadequate maternal n-3 PUFAs intake may lead to abnormal CNS 

development and function in animal and human models. In a comparable manner, an 

excessive intake of omega-6 or a deficiency in omega-3 can potentially increase the risk of 

depression, with the potential mechanisms being speculatively altered serotonergic and 

catecholaminergic neurotransmissions. Furthermore, the deprivation of n-3 PUFAs in rodents 

over multiple generations has been observed to induce alterations in behavior, including 

changes in learning abilities and responses to external stimuli or rewards. However, locomotor 

activity remains unaltered. The effects of n-3 PUFAs deficiency on rat behavior may be 



22 
 

mediated through the cortical dopaminergic system, although it is difficult to link responses 

to behavioral tests to specific neurochemical pathways [32]. Neurochemical studies have 

revealed alterations in numerous neurotransmission systems, including those pertaining to DA 

and 5-HT. These modifications have been observed to give rise to altered connectivity 

patterns, which may potentially give rise to enduring disturbances. Subsequent functional 

deficits have been evidenced to include cognitive impairments, encompassing memory and 

learning, in addition to deficits in emotional regulation and behavior, which manifest as 

depressive, anxious and aggressive behaviors in animal models. 

Rats deficient in n-3 PUFAs have reduced levels of endogenous dopamine and decreased D2 

receptors in the frontal cortex but not in the striatum or cerebellum. 

On the other hand, prenatal and perinatal supplementation with n-3 PUFAs may protect 

against neurodevelopmental disorders. A long-standing association exists between maternal 

nutritional deficiencies during the neurogenic and angiogenesis phases and behavioral 

impairments observed in both animal models and humans. From a functional point of view, 

gestational n-3 PUFA deficiency in rodents recapitulates some of the symptomatic dimensions 

of psychiatric disorders, such as anxiety-like behaviors and cognitive deficits. It seems that 

PUFAs deficiency during lactation may result in some irreversible changes, likely due to 

impaired connectivity. In animal studies, prenatal and postnatal DHA insufficiency has been 

linked to a range of structural alterations, including delayed neuronal migration, disrupted 

dendritic arborization, abnormal neuronal development in the hippocampus, and 

abnormalities in timed apoptosis. DHA has been shown to improve learning and memory, as 

well as reducing neuronal loss, in several studies. It is widely accepted that a mother's prenatal 

intake of essential n-3 LCPUFAs is critical for optimal infant CNS development and 

functioning. As already indicated, the fetal brain is dependent on the supply of PUFAs from 

the mother via the placenta. The latest research indicates that PUFAs facilitate the secretion 

and expression of angiogenic growth factors in the trophoblast and safeguard against 

epigenetic alterations induced by dietary factors in the placenta. A deficiency of n-3 PUFAs 

has been demonstrated to reduce the transfer of fatty acids across the placenta in pregnancies 

affected by PE or GDM. The requirement for n-3 PUFA throughout life is essential, but their 

availability in the maternal-fetal circulation is indispensable for organ growth and fetal 

development.  
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Dietary n-3 PUFA deficiency increases the expression of the AA-selective calcium-dependent 

cytosolic phospholipase A2 (PLA2) sPLA2, while reducing the DHA-regulating calcium-

independent phospholipase A2 (iPLA2) in the rat frontal cortex.  

The process of adaptation serves to increase the DHA half-life in the brain by downregulating 

iPLA2 activities, with the concurrent increase in the production of DHA-derived metabolites, 

including docosapentaenoic acid, 22:5n-6 (DPA), during n-3 PUFA deficiency.  

The higher DPA levels serve as a clinical biomarker for n-3 PUFA deficiency.  In rodents, 

deficiencies in n-3 PUFAs were found to result in a downregulation of glutamate receptors 

and an upregulation of TNF-α in the central nervous system.  

A deficiency of n-3 fatty acids over multiple generations has been demonstrated to stimulate 

the stress response and anxiety in rats [33].  

A deficit of n-3 PUFAs during the process of brain maturation in rats has been observed to 

result in a reduction in brain plasticity and subsequent alterations to brain function in the 

animal's adult life.  

Excess levels of n-6 PUFAs have been linked to elevated concentrations of AA and its 

derivatives, including prostaglandins, leukotrienes, and thromboxane.  These eicosanoids 

have been shown to promote a pro-inflammatory state in the brain, which disrupts the 

equilibrium between anti- (n-3) and pro-inflammatory (n-6) eicosanoids by binding to GPRs. 

The crucial role of PUFAs, particularly DHA, is underlined by the fact that accumulation of 

this fatty acid in the prefrontal cortex (PFC) increases exponentially during brain maturation 

phenomena.  

In fact, perinatal conditions associated with DHA deficiency have been correlated with 

problems in the maturation of the cortical-limbic circuit, leading to psychiatric disorders in 

adult life. The cerebral frontal cortex is predominantly affected during the deficiency since n-

n-3 PUFAs are concentrated in this region. A deficiency of n-3 PUFAs has been demonstrated 

to impair several cognitive processes, including learning ability, motor activity and 

monoamine transmission in the rat brain. 

Maternal DHA deficiency has been demonstrated to exert a detrimental impact on offspring 

behavior during the stress response, anxiety levels in the progeny, and brain reward activities 

associated with the consumption of calorie-dense foods 
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A deficiency in n-3 PUFAs in mice has been demonstrated to result in a deficit in reward 

processing, which appears to arise from the presence of selective motivational impairments. 

Recently published data have indicated that a dietary deficit of n-3 PUFAs may facilitate 

microglia-oriented phagocytosis of synaptosomes within the developing rodent hippocampus.  

Microglial cells play a vital role in the maturation of the brain, and thus, interfering with their 

developmental activity can result in symptoms like those observed in individuals with 

neurodevelopmental disorders (NDD). N-3 PUFAs deficiency in the mother changes the 

microglia cell structure in the developing corpus callosum and how they interact with the local 

environment (Figure 6). 

(Figure 6) Hypothetical summary of events leading to neurodevelopmental disorders. Aberrant 

neurodevelopment can lead to neurodevelopmental disorders following inadequate levels of LC n-3 

PUFAs[14] 

 

[14].  

In our experimental paradigm, which featured a low n-3 PUFA dietary intake in female rats, 

we observed a state of meta-inflammation in adolescence that was later associated with 

increased levels of oligomeric forms of beta-amyloid and increased levels of kynurenine 

(KYN) at the expense of 5-HT (5-HT) in adulthood. The role of the kynurenine pathway (KP) 
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in brain development has been a topic of great interest in recent decades. In early life, 

tryptophan (TRP) and its derivatives, including 5-HT (5-HT), play an important role in the 

maturation of brain areas related to the development of neuropsychiatric disorders. 

Additionally, it has been reported that sex-specific changes in TRP-KYN pathways occur in 

depressed patients[34].  

1.3 Deficit of n-3 PUFA in mood and neurological disorders 

Currently, mental disorders remain among the ten leading causes of disease burden 

worldwide. 

It is of great significance that nutritional intake is vital for human biological function and 

contributes to the maintenance and improvement of physical and mental health. Dietary 

therapy, in conjunction with exercise and drug therapy, is a widely used treatment for physical 

diseases which are primarily lifestyle-related, such as diabetes, hypertension, and 

hyperlipidemia. However, compared to the effects of pharmacotherapy and psychotherapy, 

the effects of nutrition on mental illness remain inadequately investigated. Hibbeln (1998) 

reported an inverse correlation between fish intake and the incidence of depression. Since 

then, numerous studies have investigated the relationships between nutrition and the 

treatment, epidemiology and pathophysiology of neuropsychiatric disorders [33].  

The field of nutritional therapy for mental illnesses has been extensively studied in recent 

years. Among the various nutrients, the biological and clinical aspects of n-3 PUFAs have 

been the subject of the most prominent research, which has led to a significant increase in the 

knowledge base regarding the efficacy of PUFAs in treating a range of mental disorders. 

The role of EPA and DHA in psychosis, major depression, bipolar disorder, anxiety disorders, 

obsessive-compulsive disorder, post-traumatic disorder, eating disorders, attention deficit 

hyperactivity disorder (ADHD), autism spectrum disorders, substance abuse and borderline 

personality disorder has been examined (Figure 7).  

N-3 PUFAs exert their influence on central nervous system health through a few molecular, 

cellular and neurobiological mechanisms, which can be grouped into three main areas: 

neuronal membranes, cytokine modulation and perfusion. These mechanisms are all involved 

in the pathophysiology of several mental illnesses, including depression, anxiety, 

schizophrenia and dementia. DHA has been demonstrated to exhibit protective properties 

against amyloid beta (Aβ) accumulation and its related oxidative stress, inflammation, 
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synaptic loss, tau protein hyperphosphorylation and the formation of neurofibrillary tangles, 

which are characteristics of dementia.  

 

                    (Figure 7) A therapeutic approach to mental illness with omega-3 PUFAs [33] 

 

Mood disorders represent a significant challenge in the field of child and adolescent 

psychiatry worldwide. In recent years, there has been a notable increase in the prevalence of 

mood disorders in younger age groups. 

The prevalence of major depression (MD) in preadolescent children is approximately 1-2%, 

while in adolescents it is 3-8%. Untreated MD is associated with an increased risk of symptom 

worsening, suicide, and the development of comorbid disorders. Furthermore, the quality of 

life of the patient and their family is negatively affected. 

The molecular basis of MD remains poorly understood. A key pathophysiological mechanism 

of MD involves dysregulation of the noradrenergic, serotonergic and dopaminergic pathways, 

in addition to nutritional factors that influence the structure and metabolism of lipids. Studies 

have demonstrated that the levels of n-3 PUFA, which are essential for human health, are 

decreased, while the levels of n-6 PUFA, which can have pro-inflammatory effects when in 

an excess, are increased. These changes have been observed both in serum and in erythrocyte 

membranes [35]. 
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It has been postulated that oxidative neuronal injury can be averted through the administration 

of antioxidants via the diet and that membrane phospholipids may be repaired by the 

consumption of fatty acids. 

Consequently, it has been demonstrated that levels of DHA in the brain are associated with 

increased levels of neurotrophins, particularly BDNF and NGF. These are molecules that play 

a pivotal role in the development of depression and other neurological disorders, including 

Alzheimer's disease [36]. Furthermore, a lack of n-3 PUFAs intake, particularly during 

pregnancy, has been linked to reduced BDNF content. 

It is noteworthy that studies conducted in humans have demonstrated a negative correlation 

between the n-3 PUFA content of the diet and the development of depressive symptoms. These 

findings have been further corroborated by animal studies. 

There exists a correlation between the EPA and the central nervous system, as evidenced by 

studies demonstrating a relationship between n-3 LCPUFAs levels and the prevention of 

neurological disorders, such as multiple sclerosis [37]. In an experimental investigation, the 

author demonstrated that EPA stimulates the production of myelin-related proteins in rat 

brains. 

It is hypothesized that improved myelination may be associated with enhanced segregation of 

electrochemical signals transmitted to the axons. This may lead to a faster speed of 

information processing and improved cognition among individuals with high levels of n-3 

LCPUFA consumption. 

A lifelong deficiency of n-3 PUFAs has been demonstrated to lead to a depressive-like 

phenotype, which is associated with reduced levels of 5-HT and increased concentrations of 

Aβ within the body. Amyloid is the principal component of amyloid plaques, which are one 

of the most prominent pathological hallmarks observed in AD.  

The most common form of dementia is AD. It is estimated that AD affects approximately 62% 

of patients with dementia and that the prevalence of this condition increases by a factor of 

two each year after the age of 65, with the rate of increase doubling with each subsequent 

five-year interval.  

While most AD cases are sporadic in nature, recent research has identified mutations in three 

specific genes associated with AD: amyloid precursor protein (APP), presenilin 1 (PSEN1) 

and presenilin 2 (PSEN2). Late-onset AD is typically attributed to a combination of genetic 
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and environmental factors, although the role of genetic factors in AD pathogenesis is 

becoming more widely recognized. It is now thought that more than 70% of AD risk is 

associated with specific genetic factors, with the APOE gene emerging as a key contributor.  

In the context of genome association studies, it has been identified that there are over 20 

different genetic risk factors associated with AD.  

Approximately 24 million people globally are affected by the condition, which is regarded as 

a significant public health issue.  

These include defects within inflammatory, cholesterol, and endosomal recycling pathways. 

The combined effect of these risk factors can result in a doubling of an individual's risk for 

developing the disease. Amyloid plaques and protein accumulation in the brain are hallmarks 

of AD (Figure 8). 

 

(Figure 8) Depiction of a human brain in two halves: one healthy, and one with Alzheimer’s disease. 

Designua/Shutterstock.com 

Braak and Braak have mapped the progression of the disease and identified associations 

between the patterns of amyloid deposition in the brain and the clinical manifestations of AD.  

These proteins facilitate the loss of connection between nerve cells, ultimately leading to brain 

tissue death. The most prominent characteristics of AD include cognitive decline, 

accompanied by memory loss, and difficulties with remembering names and details of 

previously encountered events. Although there are treatments available to fight this 

neurodegenerative disease, they have been developed with the primary objective of 

alleviating symptoms rather than modifying the disease itself. 

The importance of diet, and more specifically n-3 PUFA, is increasingly being recognized in 

the context of neurodegenerative disorders. Several studies have demonstrated the beneficial 

effects of omega-3 in reducing comorbidities and improving clinical outcomes for patients.  
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Altered lipid metabolism in the brain is another characteristic of AD [38].  

A study found that low levels of DHA were particularly prevalent in regions affected by AD, 

such as the hippocampus, indicating that there might be a link between this two conditions. 

However, it is becoming increasingly clear that Aβ may have physiological functions in 

addition to its well-recognized neurotoxic activity. Peptides Aβ40 and Aβ42 are implicated in 

the etiology of this pathological process, and therefore constitute potential biomarkers for AD. 

The soluble form of the peptide is produced and secreted during normal cellular activity and 

may affect synaptic activity without obvious neurotoxic effects. From a physiological point 

of view, Aβ neuromodulatory properties necessary for the proper functioning of 

neurotransmitter systems; however, Aβ-modulating synaptic activity could induce functional 

changes in neurotransmission under pathological conditions. While increased Aβ levels are 

frequently linked with AD, evidence suggests that they may also be observed in individuals 

experiencing depression. 

It is a commonly held belief that increased Aβ levels are associated with AD. However, there 

have been reports of such levels also being present in depressed patients.  

Our own research has shown that Aβ, when injected into the intracerebroventricular (i.c.v.) 

space, can evoke a depressive-like profile in rats. This is accompanied by low cortical 5-HT 

and neurotrophin content. Furthermore, we have demonstrated that this phenotype can be 

reversed by the administration of antidepressant drugs. Furthermore, in the same model, we 

observed an impairment of the HPA axis function, accompanied by elevated cortical 

noradrenaline (NA) levels. Therefore, n-3 PUFAs deficiency may predispose to alterations in 

the emotional profile, through the increase in Aβ levels and the subsequent perturbation of the 

HPA axis functioning [38]. A further potential contributing factor to the emergence of 

depressive-like symptoms is chronic stress. In particular, chronic stress has been linked to 

elevated cortisol levels and dysregulation of the HPA axis. These are the same alterations that 

occur in patients diagnosed with MDD. Conversely, n-3 PUFA supplementation has been 

demonstrated to ameliorate depressive symptoms. Preclinical studies in rats demonstrate that 

a lifelong deficit of n-3 PUFAs from the time of fertilization to the age of eight weeks evokes 

depressive-like and anxiety-like profiles. Furthermore, these behavioral traits are associated 

with a state of hyper-activation of the HPA axis, with elevated levels of corticosterone in the 

blood and, in the PFC, with decreased 5-HT levels. Additionally, the model employed in the 
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study exhibited elevated levels of soluble beta-amyloid in the plasma, reported to be 

augmented in patients experiencing depressive symptoms. Furthermore, in a separate 

preclinical study, intracerebroventricular administration of Aβ was demonstrated to evoke a 

depressive-like profile in rats, which was accompanied by reductions in cortical 5-HT and 

neurotrophins levels, as well as alterations in the HPA axis and increased cortical NA and 

glutamate levels.  Consequently, a deficiency in n-3 PUFAs results in an increase in the 

concentration of the soluble form of amyloid beta, as well as alterations in the functioning of 

the HPA axis. Collectively, these factors may contribute to a predisposition to cognitive and 

mental dysfunction, as well as the development of severe depressive syndrome. Increasing 

the dietary concentration of n-3 PUFA in rats has been reported to reduce plasma levels of 

Aβ1-42, whereas the levels of the same compound were increased after an n-6 PUFA diet. 

This highlights the protective role of n-3 PUFA-enriched diets [38]. 

The supplementation of n-3 PUFAs in the diet represents a new approach to reduce the risk 

of developing depressive symptoms, as well as to reduce the plasma levels of Aβ and thus all 

the pathologies associated with it, such as AD. Dietary n-3 PUFAs protect against the Aβ-

induced depressive profile and reduce cortical 5-HT and neurotrophins levels. 

Given that neuroinflammation negatively affects the serotonergic system, another link 

between depression and AD is neuroinflammation. DHA reduces the synthesis of eicosanoids, 

the production of AA and the levels of inflammatory cytokines. The anti-inflammatory role 

of n-3 PUFAs, through a reduction in IL-1 and interferon, has always been recognized.  

Therefore, in the prevention and/or treatment of chronic inflammation and neurodegenerative 

diseases such as AD, dietary supplementation with n-3 PUFAs may be beneficial. 

Clinical studies have shown negative correlations between plasma DHA levels and indicators 

of dopamine function in depressed individuals, suggesting that low DHA levels due to poor 

nutrition, chronic stress and anxiety may be associated with reduced dopamine function. Pre-

clinical studies in rodents further support this link, showing that diets deficient in DHA lead 

to reduced dopamine levels, reduced neural maturation and dysregulation of the PFC. 

In this context, observational studies showed that fish oil supplementation or increased blood 

levels of n-3 PUFA were associated with a reduced risk of developing AD or cognitive decline, 

and a meta-analysis of animal models of AD showed that n-3 PUFA improved cognitive 

performance and neurodegenerative processes [11]. 
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Therefore, supplementation of the diet with n-3 PUFA is a valid approach to reduce the risk 

of developing depressive symptoms as well as to reduce the risk of Aβ related pathologies, 

such as AD.  

1.4 The Role of Biogenic Amine in the Pathophysiology of Depression 

 

The key information molecules of the brain, neurotransmitters, are responsible for mediating 

the actions of all known psychoactive drugs. At present, it is known that there are at least 50 

and up to 100 different neurotransmitters in the human body, which can be grouped into 

diverse chemical classes. These include biogenic amines, amino acids, peptides, and gases. 

Until the late 1950s, the number of neurotransmitters known to exist was limited to two, 

namely acetylcholine and NA.  

The existence of acetylcholine as a neurotransmitter with a key role at the neuromuscular 

junction and within the autonomic nervous system was firmly established. Similarly, the 

significance of NA as the transmitter of postganglionic sympathetic neurons was widely 

acknowledged. However, the assumption that acetylcholine played a pivotal role within the 

brain, with its functions within the CNS remaining largely unclear, was a prominent feature 

of the field. At the time, NA had not yet been identified in neurons located in the CNS. During 

these years, several pivotal observations were made, which led to the development of the field 

of psychopharmacology as a scientific discipline [39]. Biogenic amines play a pivotal role in 

regulating mood, cognition, and emotional responses. The dysregulation of these 

neurotransmitters, including 5-HT, DA, NA, histamine, and acetylcholine (ACh), is thought 

to play a central part in the etiology of depression. The most extensively researched of the 

amines involved are 5-HT, NA, and DA. These neurotransmitters help modulate emotional 

responses and stress, so their dysregulation is thought to contribute directly to the clinical 

features of depression. 

The term "biogenic amines" denotes a category of biogenic substances that feature one or 

more amine groups. By way of illustration, monoamines are neurotransmitters and modulators 

comprising one amino group and an aromatic heterocyclic ring linked together by two carbon 

atoms. The catabolism and modification of aromatic amino acids, including tryptophan and 

phenylalanine, culminates in the formation of monoamines. Neuronal systems which utilize 

monoamines as their primary transmitters have been categorized as monoaminergic systems, 
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and among their numerous functions, the most pertinent are the regulation of emotion, arousal 

and certain forms of memory. The monoamines catecholamines and indolamines are among 

the most significant classical monoamines. They include adrenaline (AD), DA, NA, 

melatonin (MEL), 5-HT, and histamine. Another class of monoamines is the trace 

monoamines, named for their low concentrations. This category includes several other 

neurotransmitters, such as phenethylamine (PEA). This hypothesis, formally designated the 

'catecholamine hypothesis of affective disorders', proposes that some, if not all, depressive 

conditions are associated with an absolute or relative deficiency of catecholamines, 

particularly NA, at functionally important adrenergic receptor sites in the brain. Conversely, 

an excess of such amines may be associated with elation.  

Depression is a complex and impairing mental health condition that affects a substantial 

proportion of the global population. The existing literature has increasingly identified 5-HT, 

a principal neurotransmitter, as a crucial element in the etiology of depression [40]. A 

comprehensive understanding of 5-HT synthesis, receptor interactions and its role in mood 

regulation and cognitive processes represents a crucial step in elucidating the underlying 

complexities of this disorder. 

The biosynthesis of 5-HT is largely dependent on the specific receptors that catalyze the first, 

and rate-limiting, step of 5-HT synthesis.   

The effects are dependent on the specific receptors and are determined by the activity of 

Tryptophan hydroxylase 1 (TPH1) and Tryptophan hydroxylase 2 (TPH2). The latter is found 

in peripheral tissues, including the pineal gland, gastrointestinal tract, and it is involved in the 

synthesis of MEL, regulation of gastrointestinal function, immune response, as well as 

regulation of blood pressure and cardiovascular function. TPH1 is generally found in 

peripheral tissues, such as those in the pineal gland, gastrointestinal tract, and it plays an 

essential role in the synthesis of MEL, regulation of gastrointestinal function, immune 

response, as well as in the regulation of blood pressure and cardiovascular function.  

The primary function of TPH 2 is to regulate mood and emotional states, modulate circadian 

rhythm, influence appetite, and partially control nociception. Additionally, it plays a role in 

memory formation and the acquisition of learned behaviors. The availability of 5-HT in the 

body is subject to influence from several factors, including dietary intake and metabolic 

processes. The role of 5-HT in mental health is thus further complicated by these additional 
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factors. Diets rich in certain nutrients have the potential to modulate 5-HT levels in the body, 

with knock-on effects for mood and cognitive functions [40].  

The role of another monoamine, MEL, in the etiology of depression remains a topic of 

investigation. MEL is a hormone that primarily regulates the sleep/wake cycle, the circadian 

rhythm. MEL is synthesized and secreted by the pineal gland as a neurohormone into the brain 

interstitial fluid, the cerebrospinal fluid (CSF) and the circulation. It is also produced to a 

minor extent by extra pineal tissues, including the eye, intestine, skin, platelets and bone 

marrow [41]. Furthermore, this indoleamine has the capacity to interact with a multitude of 

systems and neurotransmitters, thereby exerting influence upon behaviors such as anxiety and 

depression, as substantiated by a considerable corpus of evidence-based research. 

In addition to its pivotal function in alleviating neurobehavioral impairments, MEL has been 

demonstrated to neutralize free radicals, fortify the antioxidant defenses of cells, and curtail 

the activity of pro-oxidant enzymes [42].  

MEL has been linked to depression due to the convergence of monoaminergic systems 

associated with the disorder and the production of MEL. MEL production is derived from 

tryptophan concentration, which is subsequently influenced by 5-HT. Additionally, GABA 

and NA play a role in modulating this production. Ultimately, the production of MEL depends 

on the intactness and modulation of the brain monoaminergic system [43] (Figure 9).  

In the International Classification of Diseases, 10th Revision (ICD-10), neuropsychiatric 

disorders are categorized as such due to their association with schizophrenia, mood and stress-

related disorders. The existing literature indicates an increasing prevalence of evidence 

supporting the hypothesis that MEL secretion may exhibit aberrant patterns in the context of 

neuropsychiatric disorders. This has led to the generation of significant interest surrounding 

the potential of MEL as a preventive and therapeutic agent for mitigating the symptoms of 

such disorders. It is postulated that the potential of MEL in the treatment of neuropsychiatric 

disorders may derive from its modulatory and antioxidant properties [44]. 
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(Figure 9) The pathway of melatonin production in the pineal gland [45] 

 

MEL exerts its effects on several proteins, cellular functions and molecular pathways involved 

in the etiology and pathogenesis of depression, acting as a modulator of these processes in the 

body. One of the most significant mechanisms through which MEL modulates mood disorders 

such as depression is the reduction of oxidative stress. It is widely acknowledged that the 

pathophysiology of such disorders is influenced by oxidative stress. The overproduction of 

reactive oxygen species (ROS) and the subsequent failure of the antioxidant defense system 

result in the induction of oxidative stress, which in turn causes a series of damaging events 

[46].  

Oxidative stress has been demonstrated to induce neuronal apoptosis, neurological deficits, 

and neurotoxicity, thereby accelerating the initiation and development of neuropsychiatric 

disorders, including major depressive disorder, Alzheimer's disease and Parkinson's disease 

[47]. It has been demonstrated that MEL exerts antioxidant effects by preventing the excessive 

generation of ROS and enhancing antioxidant levels. MEL plays a pivotal role in radical 

scavenging and indirect antioxidant action, thereby enhancing antioxidant enzyme activity 

[48; 49]. Furthermore, MEL has been demonstrated to enhance antioxidant enzyme activity, 
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specifically GSH, CAT and SOD. These antioxidant enzymes are crucial in preventing ROS-

induced damage [50]. MEL has been shown to upregulate the levels of superoxide dismutase 

(SOD) and catalase (CAT) in rats that have been subjected to copper-induced oxidative stress, 

while also providing relief from depressive-like behaviors [51]. 

MEL concentrations are associated with not only the dark-light cycle, but also glucocorticoids 

levels. Indeed, imbalances in the diurnal concentration of the glucocorticoid hormone cortisol 

can result in sleep disturbances. During the day, cortisol is produced in greater quantities and 

is capable of sustaining consciousness; however, when glucocorticoid levels become elevated, 

it may lead to a reduction in MEL secretion [52]. 

MEL exerts anti-inflammatory effects by reducing cortisol levels. Additionally, it acts as a 

scavenger for reactive species. Preclinical studies have demonstrated that MEL treatment can 

significantly reduce inflammation by downregulating NF-κB expression in the prefrontal 

cortex and hippocampus, which are associated with depressive-like behaviors [53]. 

The production of MEL is linked to both 5-HT and DA levels, which, in turn, modulates NA 

production. Furthermore, in addition to its neuroprotective functions, MEL is involved in 

BDNF signaling and cell death. Research indicates that MEL has a beneficial effect in 

neurodegenerative conditions such as Alzheimer's disease, acting as an antioxidant and 

reducing neuroinflammation, as well as amyloid beta concentration in the brain [54]. 

The biosynthesis of MEL is subject to regulation by hepoxilins, which are derived from PUFA 

(n-3 and n-6) [55]. Although there has been considerable speculation that MEL may have an 

antidepressant effect, the results of clinical studies have yielded conflicting findings. 

Currently, however, a selective MEL receptor agonist, known as agomelatine, has been 

approved as a treatment for major depressive disorder [56]. 

1.5 Neurotrophins and Their Impact on Depression: Mechanisms and Therapeutic 

Potential 

Depression is a complex and multifaceted mental health disorder, characterized by persistent 

low mood, loss of interest and cognitive disturbances. Despite extensive research, the exact 

causes of depression remain elusive. Several hypotheses have been put forth to explain the 

underlying mechanisms behind the development of depressive disorders. Among the most 
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prominent of these are the monoamine hypothesis, neuroendocrine mechanisms, 

neuroimmune and cytokine hypothesis. Nevertheless, these theories have proven inadequate 

for providing an exhaustive explanation of depression's pathology and treatment [57]. In 

recent times, there has been a notable proliferation of theories pertaining to neural plasticity 

in the context of depression. The term "neural plasticity" is used to describe the ability of 

neurons to adapt in response to environmental stimuli. This process encompasses the 

formation of new cells and the death of genetically healthy cells in the adult brain [58]. The 

activation of a particular neural circuit is dependent on several factors, including learning, 

memory, stress, and the surrounding environment. This activation results in the induction of 

an intracellular signal transduction cascade, which represents a fundamental process 

underlying neural plasticity. The signal transduction cascade exerts a significant influence on 

the regulation of several key biological processes, including neuronal atrophy, neuronal death, 

and neurogenesis [59]. Considering these developments, the neuroplasticity hypothesis has 

emerged, positing that neural plasticity dysfunction represents a pivotal mechanism in the 

etiology of depression. However, recent evidence suggests that biological factors may play a 

significant role. These include disruptions to processes such as neural plasticity, neurogenesis 

and neuronal survival [60]. Nevertheless, there is currently no definitive research evidence to 

suggest that neuroplasticity plays a direct role in the etiology of the disorder. Meanwhile, 

insufficient signaling by neurotrophic factors, which play an important role in neural 

plasticity, has been identified as a potential underlying factor in the development of 

depression. Furthermore, antidepressant responses have been observed in individuals with 

increased neurotrophins signaling [61]. One crucial group of proteins implicated in these 

biological processes is neurotrophins, which support the growth, survival and function of 

neurons.  

Neurotrophins regulate several processes within the nervous system, including survival, 

development, differentiation, and modulation. During development, for instance, they 

maintain equilibrium by acting as survival-inducing factors, thereby ensuring an adequate 

number of surviving neurons for innervation. Additionally, they regulate apoptosis, axon 

growth, and the expression of proteins that are crucial for normal neuronal function, such as 

neurotransmitters. They regulate synaptic function and synaptic plasticity whilst modulating 

the survival of neuronal cells. Neurotrophins are initially synthesized as precursor proteins, 
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designated as pro-neurotrophins. These are subsequently subjected to processing and cleavage 

to generate the mature, biologically active form, which is then secreted and performs its 

function [62; 63]. Neurotrophic factors are a group of compounds that are capable of binding 

to a common receptor, namely the tyrosine kinase receptor. The most well-known 

neurotrophic factors are the BDNF, the nerve growth factors (NGF), the neurotrophin-3 (NT-

3) and the neurotrophin-4 (NT-4) [64]. The first neurotrophic factor, NGF, was identified in 

the 1950s, followed by the discovery of BDNF in the 1980s, which established the 

neurotrophins family [65; 66]. Subsequently, two additional neurotrophins, NT3 and NT4, 

have been isolated and characterized [67].  

BDNF was originally hypothesized to be a crucial regulator of early neuronal development 

and survival. Subsequent research has revealed its involvement in several processes in the 

mature brain, including synaptic plasticity [68]. The initial synthesis of the protein occurs as 

a precursor, designated proBDNF, comprising 247 amino acids. The precursor is then cleaved 

by enzymes, resulting in the formation of the mature form of BDNF (mBDNF), which 

comprises approximately 119 amino acids and is the active form of the protein. 

From a structural perspective, BDNF is comprised of a pro-domain and a mature domain. The 

pro-domain, present in proBDNF, plays a role in intracellular trafficking and secretion, while 

the mature domain is responsible for the biological activity of BDNF. The mature form of the 

protein interacts primarily with the TrkB receptor (Tropomyosin receptor kinase B), which 

has been demonstrated to promote neuronal survival, synaptic strengthening, and plasticity.  

Conversely, proBDNF exhibits a preference for binding to the p75 neurotrophin receptor 

(p75NTR), which has been demonstrated to induce apoptosis or synaptic pruning under 

specific circumstances. These dual roles illustrate BDNF's capacity to regulate neuronal 

circuits with precision. 

The BDNF gene, located on chromosome 11 (11p13) in humans, is responsible for encoding 

BDNF. The gene in question features multiple promoters, thereby enabling activity-dependent 

regulation and tissue-specific expression. The protein undergoes post-translational 

modifications, including glycosylation and the formation of disulfide bonds, which ensure its 

structural stability and optimal functionality. 
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BDNF represents a critical protein involved in the growth, survival, and plasticity (or 

adaptability) of neurons. BDNF plays an essential role in neurogenesis (the formation of new 

neurons), synaptic function, and the brain's capacity to adapt effectively to new experiences 

and environmental changes.  

Of note, BDNF is particularly important in brain regions such as the hippocampus, prefrontal 

cortex, and amygdala, which are central to mood regulation, memory, and emotional 

processing. One of the primary neurotrophins that has been observed to undergo mutation is 

the BDNF [69].  

Serum BDNF levels exhibited a significant reduction in individuals diagnosed with major 

depressive disorder. Additionally, while BDNF is also present in platelets within the 

circulation, the levels that appear to undergo dysregulation in the context of depression pertain 

exclusively to those present within the brain. The altered protein content within the 

circulation, coupled with the decline in BDNF plasma levels, appears to bear a correlation 

with the duration of the disease, irrespective of its chronicity. Nevertheless, further 

investigation is required to ascertain whether the degree of symptom severity exerts an 

influence on the observed levels [70]. 

The modulation of BDNF expression, whether via upregulation or downregulation, is a 

critical factor in neurodevelopment, as well as in the optimal functioning of the brain and the 

survival of neurons. A reduction in BDNF activity has been observed in the brains of 

individuals diagnosed with neurodegenerative or psychiatric conditions [71]. BDNF signaling 

has been identified as a crucial mechanism regulating adult hippocampal neurogenesis [72].  

The use of antidepressant therapy is often linked with an increase in BDNF concentration in 

serum and plasma when treatment is effective. Long-term stress and inflammation, which 

may be reduced by antidepressant medication, may also be associated with a decline in BDNF 

levels, which in turn can affect neural plasticity, activity and apoptosis [73].  

It has been demonstrated that BDNF has a neuroprotective effect on 5-HT-containing neurons 

in the adult brain. Chronic administration of BDNF in rats resulted in increased turnover of 

5-HT and NA in multiple forebrain areas, including the neocortex, basal ganglia, and 

hippocampus (HIPP) [74].  
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(Figure 10) A simplified scheme of the interaction between brain-derived neurotrophic factor (BDNF) and 5-

HT in depression [75] 

A principal area of investigation in the field of neuropsychopharmacology is the interaction 

between 5-HT, BDNF and other monoamine systems in the brain. This research aims to gain 

insights into the mechanisms of mood regulation, neuroplasticity and the pathophysiology of 

disorders such as depression. BDNF interacts with the TrkB receptor, thereby exerting its 

influence on serotonergic signaling pathways. Conversely, these pathways also impact BDNF 

signaling. Disruptions within these intricate pathways (indicated by red dashed arrows) have 

been observed in major depressive disorder, and these contribute to several structural changes 

in the brain, impaired neuroplasticity, compromised synaptic regulation and reduced levels of 

both 5-HT and BDNF [75] (Figure 10). The cumulative effects of these changes ultimately 

promote or contribute to the development of depressive symptoms. The interactions between 

these systems are complex. 5-HT plays a key role in regulating the production of BDNF; 

furthermore, both 5-HT and BDNF influence other monoamine systems, including DA and 

NE. 

5-HT is a key neurotransmitter that exerts significant influence over mood, cognition, and 

emotional responses. Its role in the pathogenesis of depressive disorders is a topic of 

considerable interest and research. BDNF is a protein with functions related to processes such 
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as neurogenesis, synaptic plasticity, and neuronal viability. Its expression is subject to 

regulation by several factors, including 5-HT. 

The stimulation of BDNF production by serotonergic signaling, particularly through the 5-

HT1A receptor, has been evidenced in numerous studies. The intracellular signaling pathways 

activated by 5-HT at these receptors facilitate the transcription of the BDNF gene. 

Consequently, elevated levels of BDNF are associated with enhanced neuroplasticity, which 

may lead to an improvement in mood and an augmentation of cognitive function. 

It is frequently observed that individuals experiencing chronic stress and/or depression exhibit 

diminished 5-HT levels, which in turn result in decreased BDNF levels. This may lead to 

impaired neuroplasticity, thereby contributing to the development and/or exacerbation of 

depressive symptoms. The monoamine neurotransmitters 5-HT, dopamine and 

norepinephrine have a complex interplay with each other and with BDNF, which regulates 

mood, motivation and cognitive functions. Further to this, additional significant mechanisms 

have come to be acknowledged regarding the understanding of the process of depression. 

Amongst these are oxidative stress and the imbalance that can be observed in the HPA axis, 

which plays an essential part in the regulation of the stress response. Indeed, research findings 

indicate a potential association between heightened oxidative stress and the emergence and 

progression of depressive disorders, as well as the dysregulation of the HPA axis. 

Furthermore, research is being conducted into the interplay between oxidative stress, HPA 

axis imbalance and serotonergic pathways with BDNF, as this also plays a significant part in 

the development and progression of depression and other neuropsychiatric disorders [76; 77; 

78]. 

Another neurotrophins whose function in neurodegenerative disorders remains to be 

elucidated is NGF. It is a member of the neurotrophins family and is synthesized as a precursor 

protein known as proNGF, which is cleaved to produce its active mature form. This processing 

highlights the dual functionality of NGF, as proNGF can trigger different biological responses 

to mature NGF, often through different receptor interactions. 

Structurally, NGF is a homodimer composed of two identical polypeptide chains, each 

approximately 120 amino acids in length, linked by disulfide bonds. These bonds, formed by 

six conserved cysteine residues, provide stability to the protein. In its mature form, NGF binds 
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predominantly to the TrkA (tropomyosin receptor kinase A) receptor, which mediates its 

neurotrophic effects, such as promoting neuronal survival, differentiation and synaptic 

plasticity. The precursor form, proNGF, often binds to the p75 neurotrophins receptor 

(p75NTR) and can induce apoptosis or mediate stress responses under certain conditions. This 

dual receptor binding ability allows NGF to finely regulate neuronal function and survival in 

a cellular context. 

NGF is encoded by the NGF gene, which is located on chromosome 1 (1p13.1) in humans. It 

undergoes post-translational modifications, including glycosylation, which are critical for its 

proper folding, secretion and activity. The mature NGF dimer has a molecular weight of 

approximately 26 kDa. 

Functionally, NGF is essential for neuronal survival and development, particularly during 

early life, and plays a role in axonal and dendritic growth. It also sensitizes pain receptors, 

contributing to its involvement in pain modulation. Beyond the nervous system, NGF has 

been implicated in immune responses, where it modulates inflammatory processes. 

The importance of NGF extends to pathological conditions. Dysregulation of NGF expression 

or signaling has been associated with neurodegenerative diseases such as Alzheimer's disease 

and chronic pain syndromes, highlighting its therapeutic potential in these areas. Its 

dysregulation has been observed in the pathogenesis of depression in certain models of 

peripheral nerve damage and stress. The hippocampus of individuals afflicted with depression 

has been found to exhibit reduced levels of NGF upon post-mortem examination. 

Additionally, both acute and chronic stress have been demonstrated to result in decreased 

NGF expression [79].   

A number of scientific studies have reported a reduction in the level of NGF, a protein that 

plays a role in the regulation of the nervous system, among patients diagnosed with major 

depression disorder, with some studies suggesting that this decrease can be attributed to the 

presence of interferon gamma [80].  

While acute stress has been shown to lead to an increase in NGF levels, sustained chronic 

stress has been demonstrated to result in a reduction of these levels. This phenomenon may 

be linked to the hyperactivity of the HPA axis and the subsequent production of 

glucocorticoids, which have been observed to inhibit cholinergic neurons while also 
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enhancing NGF levels. However, it is noteworthy that elevated levels of chronic 

glucocorticoids have also been associated with a downregulation of NGF [81; 82].  

Alterations in the expression of neurotrophins and 5-hydroxytryptaminergic 

neurotransmission have been documented in the soluble Aβ-treated rat model, which has a 

depressive but not anxiogenic profile. There was a reduction in the levels of both BDNF and 

NGF [3].  

It is widely acknowledged that maintaining an appropriate equilibrium of neurotrophic factors 

is vital for regulating synaptic plasticity and sustaining neuronal viability. Conversely, 

disruptions in these equilibrium levels, particularly a decline in their availability, have been 

linked to a reduction in their functionality and an increased risk of neurodegenerative 

disorders [83]. A number of studies have proposed a correlation between a decline in BDNF 

and the onset of AD. This has led to the suggestion that a potential third factor linking the two 

conditions could be BDNF and the levels of neurotrophins [84; 85].  

It has been demonstrated that the amyloid β protein, a primary constituent of senile plaques 

in patients with Alzheimer's disease, exerts both neurotrophic and neurotoxic effects, 

depending on its concentration and the stage of neuronal development. Considering the 

established links between depression and AD, it is evident that there are also correlations at 

the level of neurotrophins content in the brain and plasma. Variations in the concentration of 

these neurotrophins are associated with both conditions [86]. 

 

1.6 Depression and Synaptic Markers: Insights into Neural Changes 

Depression is a prevalent and debilitating mental health disorder that is typified by persistent 

feelings of sadness, a lack of interest or pleasure, and impairments in cognition, emotion, and 

behavior. Traditionally, research has focused on neurotransmitter imbalances, particularly 

those involving 5-HT and dopamine. However, recent investigations have shifted attention to 

structural and functional changes within the brain, particularly at the synaptic level. Synaptic 

markers, which are proteins and molecules that are vital for maintaining synaptic structure, 

function, and plasticity, have become instrumental in comprehending the neural alterations. 
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A growing body of evidence from scientific studies indicates that alterations in synaptic 

connectivity and plasticity in specific regions of the brain, such as the prefrontal cortex and 

the hippocampus, are associated with depression. These regions are known to play a pivotal 

role in regulating mood. The presence of specific markers, including synaptophysin, 

postsynaptic density protein 95 (PSD-95), and BDNF, provides valuable insights into these 

alterations. These markers reflect a reduction in synaptic density, impaired communication 

between neurons, and a diminished capacity for neural remodeling. It is hypothesized that 

these synaptic disruptions contribute to the dysregulation of neural circuits responsible for 

core depressive symptoms, including anhedonia, cognitive deficits and heightened stress 

sensitivity. underlying depression. 

The relationship between synaptic markers and neurotrophins is reciprocal. Both regulate 

neural plasticity and are implicated in the control of several monoamine systems. Synaptic 

markers are categorized as either presynaptic or postsynaptic, enabling the utilization of light 

and confocal laser microscopy to procure dependable data on the morphological configuration 

of synapses within the central nervous system. 

In depression, the brain undergoes a series of alterations at the cellular and molecular levels, 

including those affecting key proteins that regulate the communication between neurons. 

Three such proteins—PSD-95, Synaptophysin (SYN), and CaMKII—play a pivotal role in 

maintaining synaptic plasticity, which is the brain's capacity to adapt its connections in 

response to experience. When these proteins are disrupted, it can result in impaired synaptic 

function, which is a hallmark of depression.  

PSD-95, alternatively termed Discs large homolog 4 (DLG4), is a scaffolding protein situated 

predominantly in the postsynaptic density of neurons. This is the region of the synapse that is 

specialized for transmitting signals between nerve cells. PSD-95 plays a pivotal role in 

synaptic function, structure, and signaling.  

It is particularly crucial for synaptic plasticity, the capacity of the brain to enhance or attenuate 

synaptic connections in response to experience or neuronal activation. PSD-95 is implicated 

in the clustering of assorted ion channels, receptors (e.g. NMDA receptors), and signaling 

proteins that modulate neurotransmission. The function of PSD-95 in synaptic plasticity 

establishes a direct correlation with neuroplasticity, a pivotal element in the pathogenesis of 
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depression. Alterations in PSD-95 levels have been observed in animal models of depression. 

A reduction in PSD-95 levels has been linked to synaptic dysfunction in regions of the brain 

associated with mood regulation, including the prefrontal cortex and hippocampus. Synaptic 

dysfunction, which encompasses deficits in receptor clustering and neurotransmission, can 

impair brain plasticity, thereby limiting an organism's capacity to adapt to novel emotional or 

environmental stimuli. It is postulated that this contributes to the persistence of negative mood 

states that are hallmarks of depression. Depression is frequently linked with impairments in 

memory, attention, and cognitive flexibility. Given that PSD-95 is implicated in processes 

such as long-term potentiation (LTP), disruptions in PSD-95 could give rise to cognitive 

deficits that are commonly observed in depression. The synaptic plasticity that is diminished 

in individuals experiencing depressive episodes may impede the brain's capacity to form 

novel adaptive connections. This may contribute to an increased difficulty in coping with 

emotional distress. 

PSD-95 represents a principal component of excitatory synapses. There is substantial 

evidence indicating a role for PSD-95 in a range of neurological disorders, including AD and 

numerous other psychiatric conditions.  

Impairments in PSD-95 function have been linked to deficits in cognitive processes and the 

development of depressive symptoms. However, findings from research studies have been 

inconsistent, with some reporting increases in PSD-95 expression and others observing its 

downregulation [87; 88].  

The primary functions of PSD-95, despite their numerous roles, can be summarized as 

follows: facilitating the anchorage of membrane receptors in spines; modulating the 

trafficking and localization of adhesion molecules, ion channels, and glutamate receptors; 

controlling the modulation and interconnection between neurotransmitters and receptors; and 

determining the synaptic response [89; 90].  

In the context of AD, it is notable that Aβ oligomers have been observed to exhibit a 

preference for binding to postsynaptic regions, where PSD-95 is expressed. This binding has 

been demonstrated to occur directly with the NMDA receptors, a mechanism that may 

contribute to the development of neuronal damage.  
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Moreover, it is conceivable that the oligomers may activate postsynaptic α7 nicotinic 

receptors, thereby prompting the ubiquitination and degradation of NMDAR and PSD-95 by 

the proteasome. This, in turn, could lead to a reduction in synaptic density, cell death and the 

development of dementia [91; 92]. 

Synaptophysin is a presynaptic protein that plays a primary role in the process of synaptic 

vesicle trafficking and neurotransmitter release at synaptic terminals. As a principal 

constituent of synaptic vehicles, it is vital for the optimal operation of synapses, which serve 

as the intercellular communication channels in the nervous system. Synaptophysin is 

frequently employed as an indicator of presynaptic terminals and is vital for the optimal 

functioning of neurotransmission processes. The association between SYN and depressive 

disorders is predominantly linked to its involvement in synaptic functioning and the 

neurochemical imbalance that is characteristic of mood disorders.  

The molecular weight of synaptophysin is typically in the range of 38-40 kDa, with variations 

dependent on the specific isoform. Synaptophysin is a multi-pass transmembrane protein with 

four transmembrane regions connected by short cytoplasmic and luminal loops. It spans the 

lipid bilayer multiple times and is, thus, an integral component in the structure of the cell 

membrane.  

The N-terminus of the protein is situated within the synaptic vesicle lumen, while the C-

terminus is in the cytoplasm of the presynaptic neuron. This topographical arrangement 

enables synaptophysin to engage with other proteins that participate in synaptic vesicle fusion 

and neurotransmitter release. Additionally, this region has been demonstrated to participate in 

protein-protein interactions, which are crucial for synaptic vesicle cycling.  

Synaptophysin constitutes a member of a broader protein family designated as the 

synaptophysin-like proteins (synaptophysin family). This family encompasses a number of 

other proteins implicated in vesicular trafficking, including, for instance, synaptobrevin 

(VAMP) and synaptogyrin. These proteins exhibit a number of structural similarities, 

including the presence of transmembrane domains and involvement in the synaptic vesicle 

cycle.  

SYP is an essential index of synaptic plasticity and is utilized as a distinctive presynaptic 

terminal marker. SYP is fundamental for maintaining the structure and function of synapses, 
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and can be employed to detect alterations in synaptic density and distribution. Changes in 

synaptic density, distribution and function have been linked to a number of neurodegenerative 

disorders and depression. A reduction in synaptic marker expression is associated with a stress 

response and a decrease in synaptic plasticity [93].  

A reduction in the levels of SYN and PSD-95 has been observed in individuals diagnosed 

with major depressive disorder, as evidenced by immunohistochemical staining [94].  

CaMKII represents a highly sophisticated enzyme with a unique structural organization that 

is essential for its role as a cellular signaling mediator. The holoenzymatic form is a wheel-

like assembly comprising 12 or 14-16 identical or closely related subunits, dependent upon 

the isoform and tissue. This multimeric architecture is constructed around a central hub 

domain, which holds the subunits together, while the catalytic and regulatory domains extend 

outward like spokes. The arrangement of this complex facilitates efficient communication 

between the subunits, thus allowing the enzyme to integrate calcium signals with greater 

efficacy. Each subunit comprises three primary regions: the catalytic domain, which is 

responsible for enzymatic activity; the regulatory domain, which controls the catalytic 

function and binds to calcium-activated calmodulin (CaM); and the hub domain, which is 

vital for holoenzyme assembly. In its inactive state, the regulatory domain inhibits the 

catalytic domain by obstructing access to its active site. Following calcium binding, 

calmodulin attaches to the regulatory domain, releasing this inhibition and initiating enzyme 

activation. One of the most essential attributes of CaMKII is its capacity for 

autophosphorylation at a particular site, specifically threonine-286 in the α isoform. This 

modification stabilizes the enzyme in an active state, even when calcium levels decline, thus 

enabling prolonged signaling. This mechanism, in conjunction with the enzyme's wheel-like 

structure, allows CaMKII to function as a molecular "memory switch", particularly within 

neurons, where it plays a pivotal role in processes such as synaptic plasticity and long-term 

potentiation. Due to its adaptability, spatial configuration and capacity for sustained activity, 

CaMKII is an essential mediator of various cellular functions, including memory formation 

and cardiac regulation. 

The role of CaMKII in depression has been the subject of increasing scientific scrutiny in 

recent years. CaMKII exerts a pivotal influence on synaptic plasticity, neurotransmitter 



47 
 

regulation and BDNF signaling, all of which are vital for the maintenance of normal mood 

and emotional processing. CaMKII plays an essential role as a central regulator of synaptic 

plasticity, including both long-term potentiation (LTP) and long-term depression (LTD). It is 

well documented that depression is accompanied by dysfunction and decreased connectivity 

in various areas of the brain, including the prefrontal cortex and hippocampus. Dysregulation 

of CaMKII activity in these regions has been linked with an impairment in synaptic 

strengthening, which in turn contributes to the loss of neural plasticity observed in individuals 

with depressive disorders. 

Conversely, it can be argued that CaMKII plays an essential role in numerous cellular 

processes, especially in the central nervous system. This kinase is activated by an increase in 

intracellular calcium (Ca²⁺) levels, which bind to calmodulin (CaM), a regulatory protein. The 

interaction between Ca²⁺ and calmodulin induces a conformational change in CaMKII, 

shifting it from an inactive to an active state, thereby facilitating numerous cellular functions. 

These include learning, memory, and synaptic plasticity, all of which are essential for normal 

cognitive function.  

CaMKII functions as a downstream effector of BDNF signaling and phosphorylates pivotal 

proteins involved in the modulation of synaptic strength. Impaired CaMKII activity may 

disrupt the BDNF pathway, leading to the exacerbation of synaptic and structural deficits in 

the CNS. 

It has been demonstrated that CaMKII exerts a modulatory effect on the binding of BDNF to 

CREB, a protein with a well-established role in neuronal plasticity and long-term memory 

formation in the brain. Furthermore, there is substantial evidence to suggest that this process 

is involved in the pathogenesis of AD [95].  

CaMKII is subject to phosphorylation, with CREB acting as the downstream molecule that 

functions as a transcription factor and being subsequently activated. CaMKII is located 

specifically in the postsynaptic density of the hippocampus, and a reduction and inhibition of 

the protein has been shown to result in a decrease in the density of the dendritic spines. 

Furthermore, CREB is reported to modulate other proteins related to synaptic function, 

including the expression of both synapsin and PSD-95, and is involved in depressive-like 

behaviors [96]. 
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CaMKII plays an instrumental role in the modulation of both AMPA and NMDA receptors, 

which are vital for excitatory neurotransmission. 

In depression, the glutamatergic system is frequently dysregulated, resulting in either 

excitotoxicity or a reduction in excitatory signaling. Abnormal CaMKII activity may 

contribute to these imbalances by modifying receptor trafficking or function. 

A major risk factor for depression, chronic stress has been demonstrated to alter intracellular 

calcium (Ca²⁺) homeostasis, including the  CaMKII. The dysregulated activity of CaMKII 

within stress-related brain regions, such as the hippocampus and amygdala, has been shown 

to disrupt the HPA axis, thereby exacerbating depressive symptoms. 

It has been demonstrated that animal models of depression frequently exhibit altered CaMKII 

expression or activity in the hippocampus and prefrontal cortex. Chronic stress, for instance, 

has been shown to reduce CaMKII autophosphorylation in these regions, which in turn has 

been observed to impair synaptic plasticity and lead to depressive-like behaviors. 

 Most antidepressant medications, including selective 5-HT reuptake inhibitors (SSRIs), have 

been observed to normalize CaMKII activity. Ketamine, a rapid-acting antidepressant, has 

been demonstrated to enhance synaptic plasticity by modulating CaMKII activity, particularly 

in glutamatergic synapses.  

Treatments that increase BDNF levels, such as exercise, electroconvulsive therapy (ECT) and 

certain antidepressant medications, have frequently been observed to result in the 

normalization of CaMKII activity. This, in turn, has been demonstrated to lead to the reversal 

of synaptic and behavioral deficits that are commonly associated with depression.  

● Calcium/Calmodulin-Dependent Protein Kinase II (CaMKII) plays a critical role in 

synaptic plasticity by phosphorylating proteins involved in synaptic signaling. 

Dysfunction of the CaMKII system in depression results in impairment of synaptic 

function and reduced ability of neurons to adapt to changes, thereby contributing to 

cognitive and mood deficits. 

● PSD-95 is of critical importance for the organization of synaptic proteins, including 

NMDA receptors, at the postsynaptic site. A reduction in PSD-95 levels in depression 

impairs the function of glutamatergic signaling and reduces synaptic strength, leading 
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to neuronal atrophy in the PFC and hippocampus. These brain regions are crucial for 

mood regulation. 

● Synapsin I (SYN) regulates the release of neurotransmitters by controlling the 

availability of synaptic vesicles. A reduction in SYN expression has been observed in 

depression, which has the effect of impairing neurotransmitter release, particularly that 

of dopamine and 5-HT. This results in a disruption of signaling, which contributes to 

the development of depressive symptoms. 

Together, these proteins interact at the synapse to regulate neurotransmitter release, synaptic 

strength, and plasticity. Any disruption to the normal functioning of these proteins can lead to 

impaired synaptic function, a reduction in neuroplasticity, and an overall weakening of 

neuronal connectivity, particularly within those regions that are associated with mood and 

cognition. The restoration of the typical function of CaMKII, PSD-95, and SYN may offer a 

potential therapeutic avenue for addressing the neurobiological foundations of depression. 

Depression has been linked to the dysregulation of CaMKII, PSD-95 and SYN, which impairs 

synaptic plasticity, neurotransmitter regulation and synaptic atrophy. This is particularly 

evident in regions of the brain such as the prefrontal cortex and hippocampus, which play a 

role in mood regulation, memory and cognition. Restoring the normal function of these 

proteins could therefore be a promising therapeutic target for depression, given that they play 

essential roles in synaptic function, neuroplasticity and neurotransmitter signaling. 

1.7 The Prefrontal Cortex and Hippocampus in Depression 

The prefrontal cortex and the hippocampus have been identified as playing a crucial role in 

understanding the underlying mechanisms of depression. These structures have been shown 

to be involved in emotional regulation, memory, and decision-making processes, and they 

have been demonstrated to undergo significant changes in individuals experiencing 

depression, influencing the presentation and progression of the disorder.  

There is a substantial body of evidence indicating that there are alterations in the function of 

PFC circuitry in depression. These include alterations in structure, markers of glutamatergic 

and GABAergic neurotransmission, and changes in connectivity with other structures in the 

brain [97].  
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The largest volumetric reductions in the PFC were observed in the frontal regions in patients 

with depression, particularly a reduction in cortical thickness and grey matter, as well as a 

reduction in dendritic spine density. Depression has been linked to several abnormalities in 

the PFC, including alterations in size, activation, and the integrity of networks associated with 

distinct PFC regions, as well as between the PFC and other networks [98].  

It is the prefrontal cortex which forms the central processing hub for reward-related functions, 

exhibiting distinct subregional specializations that contribute to the modulation of reward-

based behaviors. The ventromedial PFC (vmPFC) is the primary locus for the valuation of 

rewards, while the lateral PFC exerts a modulatory influence on this valuation system, 

facilitating processes of self-control and future-oriented decision-making. It has been 

demonstrated that hypoactivation, a phenomenon commonly observed in major depressive 

disorder (MDD), impairs an individual's ability to discern the significance of external stimuli 

and disrupts the processing of rewarding stimuli.  

Reduced activation of the medial orbitofrontal cortex (mOFC) in response to rewards has 

been found to correlate with the presence of anhedonia. Furthermore, dysfunction of the 

dorsolateral prefrontal cortex (dlPFC) appears to be a contributing factor to deficits in seeking 

rewards that are observed in individuals with MDD [99]. 

The PFC, situated within the anterior portion of the cerebral hemispheres, is a vital component 

of the neural circuitry that regulates emotional responses and behavioral patterns in humans. 

In individuals diagnosed with depression, this area frequently demonstrates both structural 

and functional abnormalities. A reduction in grey matter volume, particularly in the 

dorsolateral prefrontal cortex (DLPFC) and the ventromedial prefrontal cortex (VMPFC), is 

associated with the severity of depressive symptoms. The DLPFC tends to demonstrate 

hypoactivity, which reduces the capacity to regulate negative emotions and impairs cognitive 

flexibility. DLPFC is a region of the prefrontal cortex that is involved in several high-level 

cognitive processes, including decision-making, attention, working memory and emotional 

regulation. In the context of depression, the DLPFC represents a key region for investigation 

as a significant impairment in this area is frequently observed in those suffering from the 

disorder and contributes significantly to the cognitive and emotional symptoms that are 

commonly associated with depression. One of the primary functions of the DLPFC is its role 
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in executive control, which encompasses the capacity to focus attention, suppress irrelevant 

information, and make decisions based on long-term objectives rather than immediate 

emotional impulses (Figure 11). 

 

 

(Figure 11) A schematic illustration of the primary subdivisions of the prefrontal cortex (PFC) that are 

implicated in the execution of executive functions [100] 

In individuals diagnosed with depression, the DLPFC frequently exhibits reduced activity, 

which impairs the capabilities. This underactivity is associated with several symptoms, 

including difficulties in concentration, decision-making and the regulation of negative 

thoughts. To illustrate, an individual experiencing depressive symptoms may encounter 

difficulty in redirecting their focus from distressing thoughts or effectively addressing 

challenging problems. These difficulties are associated with a decline in the function of the 

DLPFC. A further crucial function of the DLPFC is its role in the regulation of emotional 

states. The DLPFC exerts a "top-down" control over subcortical regions, such as the 

amygdala, which is responsible for generating emotional responses. In individuals without 

depressive symptoms, the DLPFC helps to modulate amygdala activity, reducing the intensity 

and duration of negative emotions. In depression, this regulatory pathway is often impaired. 

The weakened influence of the DLPFC over the amygdala results in heightened emotional 

reactivity and prolonged states of sadness or fear, contributing to the emotional dysregulation 

seen in depressive episodes. 
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In conclusion, the dorsolateral prefrontal cortex is fundamental to the maintenance of 

cognitive flexibility and emotional equilibrium. Its hypoactivity in depression disrupts both 

executive functioning and emotional regulation, which contribute to many of the disorder's 

defining characteristics. Understanding and targeting the PFC in therapeutic approaches is of 

paramount importance for improving outcomes in individuals with depression. 

The ventromedial prefrontal cortex is functionally linked to the brain's limbic system, 

particularly the amygdala and hippocampus. These associations enable the VMPFC to 

regulate the genesis and contextualization of emotional responses. The amygdala is 

responsible for triggering emotional states, whereas the VMPFC serves a regulatory function, 

modulating the intensity of these responses and integrating them with memories to provide 

contextualization. The capacity to regulate emotions is crucial for maintaining emotional 

equilibrium and resilience.  

However, in instances of depression, the VMPFC often displays hyperactivity, which disrupts 

its typical functionality. Such hyperactivity amplifies self-focused, emotionally charged 

thought patterns, thereby engendering excessive rumination. Individuals are thus prone to 

become enmeshed in cyclical negative self-referential thinking characterized by repeated 

recourse to personal failures or distressing memories. Furthermore, hyperactivity in the 

VMPFC increases activity in the amygdala, thereby intensifying negative emotional states 

while simultaneously impeding their management. This imbalance thus contributes to the 

pervasive sadness, guilt, and hopelessness that are commonly observed in depression.  

[101]. 

Brains of MDD patients are also characterized by a reduction in hippocampal volumes (Figure 

12). The combination of stress and neurotransmitter alterations has been observed to result in 

the shrinkage of dendritic processes within the hippocampus, a decline in the density of 

postsynaptic dendritic spines, and the cessation of new neurons forming in the region. 
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(Figure 12) Multiple factors, such as long-term stress and depression, may interact and contribute to the 

reduction of hippocampal volume [102] 

Indeed, post-mortem examinations have revealed low levels of NGF in the hippocampus of 

individuals with depressive disorders. Magnetic resonance imaging (MRI) and positron 

emission tomography (PET) have been employed to monitor disease progression and 

associated factors such as familial history and environmental influences. Additionally, acute 

and chronic stress have been observed to reduce NGF expression in the hippocampus.  

[79].  

A potential cause of the observed volume reductions in HIPP could be attributed to 

remodeling processes and a reduction in neurogenesis in the dentate gyrus, accompanied by 

the loss of glial cells. It has been demonstrated that elevated glucocorticoid levels and stress 

can exacerbate these phenomena; such factors are also implicated in decreased neurogenesis, 

inflammation and the inhibition of BDNF.  

In individuals diagnosed with depression, increased activity of the HPA axis is observed, 

leading to elevated glucocorticoid levels and reduced negative feedback, typically mediated 

by the HIPP. A disturbance in the equilibrium of glucocorticoid levels, accompanied by 

heightened excitation in neurotransmitter activity, could culminate in structural alterations 

and cell death. Neuropsychological studies have identified deficiencies in HIPP-dependent 

recollection memory and not working memory, the latter of which is also among the most 

widely recognized cognitive anomalies in patients diagnosed with depression [103]. The 
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findings of various studies indicate that patients with depressive disorders exhibit disparate 

patterns of impairment across different memory systems. Specifically, they demonstrate a 

tendency to display differential impairment in recollection memory, which is HIPP-mediated, 

while exhibiting no discernible alterations in working memory [104].  

A reduction in the number of dopamine receptor molecules is observed in the hippocampus 

and prefrontal cortex of  AD sufferers, regardless of whether they belong to the D1-like or 

D2-like subtypes. The prefrontal cortex  is an area that is particularly susceptible to alterations 

in Aβ content. This region has been identified as a key player in the pathogenesis of depressive 

disorders. Conversely, the hippocampus has also been shown to be vulnerable following Aβ 

intracerebroventricular (icv) injection, leading to a reduction in 5-HT levels, microglial 

activation, and an increase in neuroinflammation [105; 106]. 

1.8 Amyloid-β and Its Evolving Correlation with Depressive Disorders 

A significant amount of research indicates that a range of pathologies may manifest 

concurrently with AD or in conjunction with it. Among these comorbidities are 

neuropsychiatric disorders such as depression. It is evident that depressive symptoms are 

prevalent among individuals with preclinical AD, may serve as an initial indicator of the 

disease before the onset of cognitive deficits. A substantial body of evidence indicates a strong 

correlation between depression and AD. This association has prompted some researchers to 

postulate that depression may act as a risk factor for AD or even represent an early prodromic 

phase of the disease [107]. The amyloid cascade hypothesis suggests that Alzheimer's disease  

neurodegeneration results from the abnormal accumulation of Aβ plaques in various brain 

regions. However, soluble forms of this peptide have been associated with the onset of early 

memory deficits as well as neuropsychiatric symptoms [108]. 

Amyloid beta-amyloid  is a product of cell metabolism derived from amyloid precursor 

protein (APP), a type 1 transmembrane protein synthesized by different cell types in the body. 

At the level of the central nervous system, APP can follow two pathways: the non-

amyloidogenic pathway and the amyloidogenic pathway. 

Aβ is produced through an amyloidogenic pathway involving the cleavage of APP by beta-

secretase, generating a product termed sAPPβ along with a C-terminal fragment comprising 
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99 amino acid residues (C99). Subsequently, γ-secretase cleavage of C99 results in the 

generation of both a membrane-bound fragment (AICD) and an extracellular peptide, 

designated as Aβ.  

Aβ is produced in a soluble monomeric form. It is hypothesized that the overproduction of 

soluble forms of Aβ, or reduced clearance by microglia, leads to the aggregation of the peptide 

into oligomers, protofibrils and insoluble fibres. These insoluble fibres are difficult to break 

down, and their accumulation forms amyloid plaques [109].  

Unlike fibrils, protofibrils and oligomers are solvable, thereby facilitating their penetration of 

the blood-brain barrier and subsequent distribution throughout the brain. This is achieved by 

their ability to bind to receptors for advanced glycation end products (RAGE), apolipoprotein 

E, glycoprotein 330 and glycoprotein P.  

The term 'amyloid cascade hypothesis' describes the process of accumulation of Aβ in the 

brain (Figure 13). This phenomenon is characterized by a series of events, the final result of 

which is a cascade of toxic effects on the body, including hyperphosphorylation of the tau 

protein, which plays an important role in maintaining the neuronal cytoskeleton. This results 

in the activation of the enzyme, which in turn leads to the formation of neurofibrillary tangles 

(NFTs). Additionally, microglial production of pro-inflammatory cytokines (which contribute 

to the inflammatory response) is increased, as is excitotoxicity and ROS production, which 

collectively elevate oxidative stress.  The toxic processes in question ultimately result in the 

death of neurons, particularly those belonging to the cholinergic and glial categories. 

Additionally, they contribute to the reduction of neurotransmitter levels, particularly that of 

acetylcholine [110] . 
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(Figure 13) A schematic representation of the amyloid-β (Aβ) cascade hypothesis [111] 

Rather than Aβ monomers or fibrils, oligomers have been found to be the species of Aβ that 

causes the most damage. When inflammation is present, oligomer preparations have been 

shown to cause increased or differential in vitro production of pro-inflammatory cytokines by 

microglia and astrocytes compared to fibrillar assemblies [112]. Moreover, it has been 

postulated that oligomers can instigate a detrimental sequence of events, resulting in the 

impairment of neurons and synapses. It is therefore crucial to gain a deeper understanding of 

the formation, self-assembly and function of oligomers within living organisms. This 

knowledge is vital to comprehend how Aβ may contribute to neuroinflammation and, 

subsequently, neurodegeneration [113]. The soluble amyloid beta (Aβ)1-42 peptide is of 

growing importance in the understanding of the development of depression. This is 

particularly so given the high prevalence of depression comorbid with Alzheimer's disease 
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and other neurodegenerative illnesses. In rodents, the evidence base for the central role of Aβ 

in the pathogenesis of depressive-like symptoms is supported using an environmental rodent 

model of depression [34].  

It has been proposed that soluble forms of Aβ, rather than the aggregated forms that are more 

commonly associated with AD, may be responsible for the onset of depressive symptoms [11]. 

Soluble Aβ (1-42) has been demonstrated to possess neuromodulatory actions and to directly 

interfere with monoaminergic systems. The initial demonstration that soluble A can induce a 

depressive-like state was obtained in rats where Aβ(1-42) was injected 

intracerebroventricularly. This resulted in an increase in the frequency of immobility, a 

characteristic of "behavioral despair", which was assessed through the forced swimming test 

(FST).  

The depressive-like phenotype was found to be associated with a significant reduction in 

cortical levels of 5-HT, BDNF, and NGF. An intracerebroventricular injection of Aβ(1-42) 

oligomers was observed to induce both cognitive and depressive-like symptoms in mice, as 

well as neuroinflammatory phenomena, which play a pivotal role in the etiology of both 

depression and AD [114].  

The formation of oligomers in mice has been observed to induce microglial activation and an 

aberrant signaling cascade involving the pro-inflammatory cytokine TNF-α. This aberrant 

activation of the brain's intrinsic immune response has been demonstrated to result in a 

decrease in serotonergic tone, which plays a pivotal role in the pathogenesis of depressive-

like behavior associated with Aβ-induced neuroinflammation [115]. 

On the other hand, it has previously been demonstrated that the injection of soluble Aβ into 

the cerebral ventricles of rats resulted in a substantial decrease in 5-HT at the prefrontal cortex 

level [3]. The disruption of 5-HT signaling induced by oligomeric Aβ, or other soluble forms, 

has been demonstrated to contribute to brain inflammation. Conversely, 5-HT has been shown 

to possess the ability to prevent Aβ-induced microglial activation [115]. However, no 

interference with the physiological functioning of other regions, such as the striatum or the 

nucleus accumbens, was observed. The findings demonstrated that the prefrontal cortex is a 

region particularly susceptible to the influence of Aβ, and this region is also integral to the 

underlying mechanisms of depressive disorders.  
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It is well established that impairment of the neurotransmitter 5-HT in the prefrontal region 

plays a pivotal role in both depressive disorders and several neurodegenerative diseases [116]. 

Moreover, recent studies have identified the vulnerability of the hippocampal region to the 

effects of exogenous Aβ when administered intra-cerebroventricular [106].  

Accordingly, recent findings demonstrate that environmental influences, including altered 

dietary factors, can precipitate serotonergic impairment concomitant with elevated Aβ levels. 

Specifically, our research indicates that deficiencies in omega-3 polyunsaturated fatty acids, 

a condition associated with a pseudo-rheumatic state, resulted in a depressive-like phenotype, 

characterized by diminished levels of 5-HT and elevated Aβ [117; 118].  

It has been demonstrated that an anti-inflammatory diet, characterized by a high intake of 

omega-3 fatty acids, is capable of preventing the reduction in 5-HT that is induced by Aβ 

injection, and thus the depressive phenomenon [11; 38]. It can be hypothesized that enhanced 

Aβ production in response to stress is a physiological signal that facilitates the shutting down 

of the HPA activation. However, chronic stress exposure, probably by leading to chronically 

supra-physiological Aβ levels, is associated with all the recognized detrimental effects. It is 

noteworthy that our recent findings indicate a correlation between maternal dietary deficiency 

of omega-3 PUFA during the prenatal, perinatal, and postnatal periods and an increased 

susceptibility to stress in offspring rats (Figure 14).  

This is evidenced by elevated plasma corticosterone levels and hypothalamic corticotropin 

release factor (CRF). Furthermore, this heightened stress response was associated with a pro-

depressive and pro-anxiety-like phenotype and was accompanied by elevated plasma Aβ 

levels. The enhanced vulnerability to stress was linked to a depressive and anxiety-like 

phenotype and correlated with elevated plasma Aβ levels [118]. 
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(Figure 14) N-3 PUFA diet enrichment prevents amyloid beta-induced depressive-like phenotype [38] 

PUFAs and their mediators have been demonstrated to regulate a few cerebral processes, 

including neurotransmission and cell survival. Additionally, there is evidence to suggest that 

they play a role in processes associated with neuroinflammation. Moreover, research has 

demonstrated that these lipid molecules play a role in regulating mood and cognition. Indeed, 

the levels of PUFAs, as well as the signaling pathways that they can modulate, are altered in 

various neurological disorders, such as AD and major depression. Accordingly, evidence 

indicates a positive correlation between cerebral DHA levels and the levels of neurotrophins, 

including BDNF and NGF. It has been demonstrated that there is a positive correlation 

between cerebral DHA levels and neurotrophins levels, particularly BDNF and NGF, which 

play a pivotal role in the pathogenesis of depressive illness and neurological disorders such 

as AD. Furthermore, a lack of intake of n-3 PUFA, especially during the perinatal period, has 

been associated with reduced BDNF content [119]. Several studies have been carried out in 

humans that have highlighted the inverse relationship between the intake of n-3 PUFA in the 

diet and the development of depressive symptoms. Furthermore, such findings have been 

confirmed by animal studies. 

1.9 n-3 PUFA, the Spleen-Brain Axis and mood disorders 

A growing body of evidence from scientific studies indicates that omega-3 fatty acids are also 

involved in immune modulation. The capacity of the immune system to respond rapidly and 

effectively to invading pathogens, including bacteria and viruses, depends upon the efficiency 

of these processes.  



60 
 

The primary mechanisms of action of PUFA are centered on the regulation of inflammatory 

processes and the stimulation of the immune system (Figure 15). These mechanisms can be 

broadly categorized into two main groups: 

✓ Cells of the innate immune system 

✓ Cells of the adaptive immune system 

 

(Figure 15) Effects of n-3PUFA on the Function of Immune Cells [120] 

The cells of the innate immune system, including macrophages, neutrophils, eosinophils, 

basophils, mast cells, natural killer cells and dendritic cells, constitute the initial line of 

defence at the cellular level. Their actions are typically rapid, although they exhibit limited 

specificity. The cells of the adaptive immune system, namely B lymphocytes and T 

lymphocytes, exhibit a higher degree of specificity, albeit with a slower activation rate. 

Following a primary encounter with a pathogen, these cells develop an immunological 

memory, enabling a more rapid response during subsequent exposure to the same pathogen. 

The coordination of disparate immune cells and the modulation of their activities are of vital 

consequence in the context of immune defense. Cells secrete cytokines and chemokines, 

which are signaling molecules that direct other immune cells to the site of infection. In this 

way, they regulate the activation or suppression of immune responses. The impact of dietary 

PUFA on the immune system has been the subject of extensive study for several decades.  

These PUFA play an essential role due to the generation of metabolites with remarkable 

immunoregulatory functions. These metabolites, which can broadly be classified into several 

families, include prostaglandins, leukotrienes, thromboxanes, maresins, protectins and 
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resolvins. Synthesis occurs through the action of key enzymes, including cyclooxygenase, 

lipoxygenase and cytochrome P450 (Figure 16).  

 

(Figure 16) Principal biochemical pathways for the biosynthesis of omega-3 derived metabolites [120] 

Dietary omega-3 fatty acids are incorporated effectively into all immune cells, where they are 

integrated into the membranes of these cells. PUFA are characterized by a carbon chain with 

multiple double bonds, which introduce kinks in the chain. This reduces the capacity for 

PUFAs to form tight chains within cell membranes in comparison to saturated fatty acids. 

Consequently, the incorporation of PUFAs enhances the fluidity of cell membranes.  

Macrophages play a crucial role in the innate immune system. These immune cells patrol 

multiple organs in a relentless search for invading pathogens. They possess the capacity to 

recognize specific pathogen-associated molecular patterns (PAMPs) due to the presence of 

TLRs on their surface.  

Following the identification of the pathogen, macrophages initiate the process of eradicating 

it by engulfing it (phagocytosis) and secreting antimicrobial molecules, including reactive 

oxygen species (ROS), TNF-α and IL-1β. Concurrently, macrophages secrete and release a 

multitude of cytokines and chemokines to facilitate the recruitment and activation of other 

immune cells. Macrophages synthesize antigenic peptides from the degraded pathogen, 

thereby facilitating their presentation to adaptive immune cells, which in turn elicit a more 

specific immune response. 

 PUFAs exert three main effects on macrophages, namely:  
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▪ activation and alteration of macrophage gene expression; 

▪ stimulation of cytokine and chemokine production and secretion; 

▪ enhancement of phagocytic capacity.  

Of the leukocyte cells, neutrophils are the most abundant. Most mature neutrophils can be 

found in the blood circulation, bone marrow, spleen and liver; smaller amounts are present in 

all tissues. Neutrophils are the initial cells recruited at the inflammatory site and play a 

significant role in pathogen clearance.  

Additionally, neutrophils interact with the adaptive immune system by promoting the 

differentiation of native T lymphocytes into T helper 1 cells. Studies have demonstrated that 

PUFA are incorporated into the phospholipids of the neutrophil cell membrane, resulting in a 

reduction in saturated fatty acids.  

Once incorporated into phospholipids, polyunsaturated fatty acids, particularly those of the 

omega-3 series, can be metabolized into prostaglandins, leukotrienes and anti-inflammatory 

thromboxanes. N-3 PUFA and their metabolites exert a positive modulation of neutrophil 

function in multiple ways, including the following: migration of neutrophils, capacity of these 

cells to engulf and destroy pathogens, and production of reactive oxygen species and 

cytokines that help to combat infection. 

T lymphocytes originate from the thymus and constitute a diverse array of cells with varying 

immune functions, rendering their classification a challenging endeavour. T cells are broadly 

categorized into two primary subsets: CD4+ T cells and CD8+ T cells. These distinctions are 

based on the presence of surface-expressed CD4 or CD8 molecules, respectively. The two 

subsets exhibit notable differences in their immune properties and functions. 

CD4 T cells have been identified as playing a pivotal role in the immune response against 

bacterial infections, whereas CD8 T cells have been shown to be instrumental in mediating 

the immune response against viral infections. Additionally, T cells can be categorized into 

two distinct sub-groups: helper T (Th) cells and cytotoxic cells. Immunological cells perform 

a regulatory function on other cells within the immune system. Additionally, cells with 

cytotoxic properties can destroy cells that have been infected by viruses. Each by-product has 

the capacity to produce and secrete several cytokines in response to stimulation. IFN-γ, IL-4, 

IL-17A, IL17-F, IL-21, IL-22. B lymphocytes, in conjunction with T lymphocytes, constitute 
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the principal lymphocytes involved in the adaptive immune response. Their primary function 

is the production of antibodies. B cells are derived from hematopoietic stem cells (HSCs) in 

bone marrow. Following this, the immature B cells migrate to the spleen, where they undergo 

further differentiation before travelling to peripheral tissues, including the peritoneal cavity 

and blood. The functions of T and B lymphocytes are influenced by PUFAs present in the 

diet.  

Recent research has uncovered intricate mechanisms through which the brain and body 

interact to impact various dimensions of health, including mood and immune function. The 

spleen plays a vital role in immune defense by functioning as a component of the lymphatic 

system. As an organ that serves as a central control point for the activities necessary to trigger 

responses in the adaptive branch of the immune system, the spleen oversees the management 

of defenses that have evolved to counter a specific pathogen. In circumstances of elevated 

stress, the central nervous system initiates the development of immune cells that can combat 

microbial pathogens. The spleen plays a role in antibody production by supporting the activity 

of immunocytes, which are responsible for synthesizing antibodies. Antibodies are produced 

by plasmacytes, which are cells released by B lymphocytes.  

The spleen is endowed with autonomic nerves that operate independently of the central 

nervous system. Nevertheless, the spleen's functions are not solely dependent on the 

autonomic nervous system, as certain cerebral processes also contribute to its activities. The 

spleen is innervated by impulses from the hypothalamic paraventricular nucleus and the 

central nucleus of the amygdala [121]. The neural groups which direct stress responses 

simultaneously send signals to the spleen when the body perceives danger or fear. The stress 

response begins with the release of corticotropin, a hormone which acts on corticotropin 

neurons which send information to the spleen. 

The intensity of stress has a significant impact on immune function, resulting in either 

suppression or stimulation of the body's defence mechanisms. It is acknowledged that external 

stressors have the capacity to activate the hypothalamus, which in turn regulates immune 

responses via the HPA axis. It is understood that inflammatory stimuli have the potential to 

trigger a rapid anti-inflammatory reflex via the cholinergic vagus nerve. The spleen is of 

particular importance in the context of immune responses, as it is where immune cells 
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encounter antigens and pathogens, thereby triggering adaptive and innate immune responses. 

It is also noteworthy that the spleen is the largest secondary immune organ, and that it is 

mainly innervated by sympathetic nerves, which makes it susceptible to the effects of stress. 

This makes the spleen a crucial player in the development of stress-related psychiatric 

disorders. The spleen plays a multifaceted role in the immune system, not only participating 

in the intricate process of adaptive immune responses but also serving as a vital component 

in the effective clearance of pathogens from the bloodstream. 

It has been demonstrated that chronic stress, which has been induced via the experimental 

paradigm of social defeat stress (CSDS), a rodent model of depression, has resulted in an 

increase in the percentages of splenic CD11b+ myeloid cells, granulocytes and CD11c+ 

dendritic cells, whilst simultaneously reducing the percentages of spleen natural killer (NK) 

cells. The spleen plays an important role in the regulation of the immune response during 

periods of stress. This is evidenced by the fact that the distribution of white blood cells in the 

bloodstream is altered by the spleen in response to stressors. The glutamate NMDA receptor 

antagonist drug ketamine is a well-known treatment for patients who are resistant to 

conventional antidepressant therapies. The more potent enantiomer, (R,S)-ketamine, has a 

faster onset of antidepressant action than (R)-ketamine and has been shown to improve 

splenomegaly (i.e. increased spleen volume) in mice that are susceptible to the chronic stress 

disorder (CSD). It has been demonstrated that stress causes the moderate activation of CRH-

sensitive neurons in both the central nucleus of the amygdala (CeA) and the paraventricular 

nucleus (PVN). Furthermore, this process has been shown to enhance the formation of SCPC 

and the production of antibodies. It may be inferred that neurons in the central nucleus of the 

amygdala (CeA) and in the paraventricular nucleus (PVN) which express corticotropin-

releasing hormone (CRH) are connected to the splenic nerve. The ablation or 

pharmacogenetic inhibition of these neurons has been observed to result in a reduction in 

plasma cell formation. Conversely, the pharmacogenetic activation of these neurons has been 

shown to lead to an increase in plasma cell abundance after immunization. Corticotropin-

releasing hormone, also known as corticoliberin or CRF, is a hypothalamic polypeptide 

hormone and neurotransmitter that plays a crucial role in the stress response. In addition to 

regulating stress responses, CRH is involved in the maintenance of pregnancy, where it is also 

synthesized by the placenta. Its pleiotropic functions are further evidenced by its involvement 
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in other processes such as lactation. CRH is synthesized by the neuroendocrine cells of the 

paraventricular nucleus of the hypothalamus and subsequently released from the terminal 

fields of these neurons in the median eminence of the adenohypophysis. The substance then 

enters the primary capillaries of the portal circulation of the adenohypophysis, where it is 

transported to the corticotropic cells of the adenohypophysis. Upon receiving this stimulus, 

the cells in question release corticotropin (ACTH), in addition to other biological substances, 

such as β-endorphin. Corticotropin, which enters systemic circulation because of a 

neuroendocrine cascade, stimulates the production of adrenal hormones, that of 

glucocorticoids such as cortisol. The presence of receptors for CRH at numerous sites within 

the brain has been established. Consequently, it may be inferred that this peptide, released 

from nerve endings, fulfils neurotransmitter functions within this region. For instance, studies 

have revealed the presence of CRH receptors in a range of brain regions, including the 

paraventricular nucleus, the central nucleus of the amygdala, the stria terminalis, and the locus 

caeruleus. It is now established that the brain-spleen axis plays a key role in the control of 

humoral immunity. A further pivotal factor concerns the presence of glial cells within the 

spleen. The functions of glia cells have been demonstrated to be of significance in the context 

of various anatomical locations, including the brain, the intestine, and the sciatic nerve. The 

enteric nervous system is a specialized form of nervous tissue found in the intestine. In 

contrast, other viscera are innervated by a combination of both autonomic nerves and other 

forms of nerves. While the functions of glia, which are one of the most abundant cell types in 

the peripheral nervous system, have been the subject of extensive research, their roles in 

autonomic innervation remain relatively unexplored. The spleen is of significant 

immunological relevance as an organ that is innervated by the autonomic nervous system, 

with a capacity for modulation of immune system function. This phenomenon is referred to 

as neuroimmune communication. Glial cells of the spleen are situated near sympathetic axons, 

particularly within the lymphocyte-rich white pulp regions of the organ. Following the 

sequencing of the spleen glia transcriptome, genes were identified that are likely to be 

involved in the formation of the axonal envelope and in communication with both nerves and 

immune cells. Indeed, it was observed that spleen glia express receptors for neurotransmitters 

produced by sympathetic axons (adrenergic, purinergic and neuropeptide Y), as well as 

cytokines, chemokines and their receptors that can communicate with immune cells in the 
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spleen. Additionally, it has been established that spleen glia exhibits similarities to other glial 

types, while also displaying distinctive characteristics. While glial cells in general have a high 

degree of gene sharing, those within the spleen exhibit differential gene expression patterns. 

These include genes involved in immune responses, including cytokine interactions, 

phagocytosis, and the complement cascade. As a result, spleen glia displays a distinct 

phenotype, both in terms of their anatomical characteristics and the transcriptional profiles 

they exhibit, rendering them ideally suited for participation in neuroimmune communication 

within the spleen. The effects of stress have been observed to result in an increase in both the 

size and weight of the spleen, leading to abnormalities in its functioning. It is possible that 

brain inflammation caused by stress may have its effects mediated by the brain–spleen axis 

(i.e., the vagus nerve). The role of NKG2D in the spleen may also have implications in the 

context of stress-related psychiatric disorders such as depression. Of particular interest is the 

observation that the administration of (R)-ketamine has been shown to alleviate both the 

abnormalities in spleen function and the depressive symptoms that result from stress. NKG2D 

is a highly effective activator of the immune system, capable of translating cellular stresses 

into activation signals that stimulate immune cells to engage in defensive mechanisms. A 

growing body of evidence suggests that the inflammatory and stress-induced expression of 

NKG2D ligands plays a pivotal role in the pathogenesis of various immune-mediated 

disorders. This underscores the potential of NKG2D as a novel therapeutic target in the 

treatment of inflammation-related illnesses (Figure 17) [122]. 

 

(Figure 17) The function of the brain-spleen axis in stress-related psychological disorders [122] 
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Depression is significantly associated with systemic inflammation. The spleen, which serves 

as a reservoir for immune cells, is responsible for the release of monocytes and other pro-

inflammatory agents into the circulation. Such immune signals have been demonstrated to 

influence brain regions, including the prefrontal cortex and hippocampus, which are 

implicated in mood regulation. Moreover, a reduction in vagal tone, an indicator of 

diminished parasympathetic nervous system activity, has been observed to exacerbate spleen-

driven inflammation, thereby exacerbating depressive symptoms. The vagus nerve, a crucial 

component of the parasympathetic nervous system, plays a regulatory role in immune activity 

within the spleen. Amongst individuals presenting with depressive disorders, a reduction in 

vagal tone is a common occurrence, resulting in a decline in the anti-inflammatory signaling 

conveyed from the nerves to the spleen. The dysfunction of this vagal system permits an 

increase in the pro-inflammatory activity observed in the spleen, thus intensifying systemic 

inflammation and further exacerbating the depressive symptoms exhibited.  

The brain-spleen axis highlights the significance of the immune system's involvement in the 

pathogenesis of depression. The inflammatory signals transmitted from the spleen to the brain 

create a feedback loop that intensifies depressive symptoms. The axis is bidirectional, as 

evidenced by the established link between AMY and splenic function, and the control of 

adaptive immunity via a neural connection. In this region, the activation of corticotrophin-

releasing hormone positive neurons has been demonstrated to increase the formation of 

plasma cells in the spleen after immunization, while their silencing exerts opposing effects 

[123].  

It appears that a diet low in n-3 PUFA, which is common in modern diets, impairs this 

connection, particularly in male adolescent rats. Indeed, in these animals it was demonstrated 

that increased levels of NA in the spleen were associated with higher levels of ACh. The 

sympathetic nervous system innervates the spleen, controlling the release of ACh, while the 

vagus nerves send bidirectional signals that regulate the immune and inflammatory responses 

[124; 125; 126; 127]. An understanding of this connection offers a foundation for developing 

innovative therapeutic strategies that simultaneously target neuroinflammation and immune 

regulation, with the potential to enhance the outcomes for individuals with depressive 

disorders. 
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2. Aim of the Research 

This thesis work was focused on understanding the mechanisms of toxicity associated with a 

diet low in an-3-PUFA on the one hand and on the other to understand how a reintroduction 

in the diet can be beneficial. 

To this end, the first objective of this thesis was to evaluate the central and peripheral 

mechanisms that underlie the depressive-like and anxious-like effects associated with the lack 

of n-3 PUFA in the diet. 

For this purpose, male and female animals were exposed throughout their existence from 

conception to adolescence to a diet strongly depleted in the coetaneous n-3 PUFA. 

Subsequently, behavioral tests and neurochemical evaluations at central and peripheral level 

were performed. In fact, knowing how this stressful diet could impact the immune system and 

given that recent evidence highlights the role of the brain-myelin axis, we wanted to 

investigate the involvement of this axis in our animal model (see Figure 18 below). 

 

(Figure 18) Chronic n-3 PUFA deficiency induces anxiety-like behavior in adolescent male and female 

rats[128] 
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The second aim of this thesis project was to evaluate how the reintroduction of n-3 PUFA into 

the diet could reverse the deficits induced by its long-term deficiency. 

In this regard, in this experimental protocol we exposed the animals to a diet deficient in n-3 

PUFA until the eighth week of life and then proceeded to reintroduce these macronutrients 

into the diet until the sixteenth week of life (Figure 19). 

 

 

(Figure 19) Experimental design of the study 
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3 Materials and methods 

3.1 Animals 

The experiments were conducted using adult male and female Wistar rats (Envigo, San Pietro 

al Natisone, Italy) bred to obtain litters. The animals were housed at a constant room 

temperature (22 ± 2 °C) and relative humidity (55 ± 5 %) with a 12-hour light/dark cycle 

(lights on from 7:00 to 19:00) and were provided with free access to food and water. The 

experimental procedures involving animals and their care were conducted in accordance with 

the institutional guidelines of the Ministry of Health (DL 26/2014) and the Guide for the Care 

and Use of Laboratory Animals. Additionally, the following guidelines were considered: the 

Eighth Edition of the Guide for the Care and Use of Mammals in Neuroscience and 

Behavioral Research (National Research Council, 2004), 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, and the ARRIVE guidelines. The welfare of the animals was 

monitored daily, and every effort was made to minimize the number of animals used, as well 

as the pain and suffering of the rodents. The experimental protocol was approved by the Italian 

Ministry of Health in accordance with the relevant legislation. 

3.2 Diets 

In the planned research for the first year, the animals were provided with three discrete 

nutritional regimens throughout the entire mating period. As previously reported in references 

[11; 38; 129], the experimental group of rats received: The experimental group was fed a diet 

containing 6% total fat in the form of rapeseed oil (n-3 enriched, rich in linolenic acid 18:3, 

n-3 PUFA group), while the control group was fed a diet containing 6% total fat in the form 

of peanut oil (n-6 enriched, rich in linoleic acid 18:2, n-6 PUFA group). The third dietary 

group was a balanced diet containing 3% peanut oil and 3% rapeseed oil (n-6/n-3 balanced 

diet, n-6/n-3 PUFA group) (Laboratorio dottori Piccioni srl, Gessate, Milan, Italy). 

Following mating, dams were maintained on the same diet throughout gestation and lactation, 

in accordance with the experimental group. At postnatal day 21, pups were weaned and 

continued to be exposed to the same diet for a further three weeks. At the conclusion of this 
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period (six weeks of age), experiments were conducted on female and male rats selected at 

random. 

In the second year following the initial protocol, the animals were subjected to a second 

protocol, the specifics of which are outlined herein. In particular, the female rats were fed a 

diet that was either enriched or deficient in n-3 PUFA from the moment of conception until 

they reached adulthood. The composition of the diets is outlined below: the first diet contains 

6% total fat, derived from rapeseed oil (enriched in n-3 PUFA, rich in linolenic acid 18:3); 

the second diet contains 6% total fat, derived from peanut oil (enriched in n-6 PUFA, rich in 

linoleic acid 18:2, but poor in n-3 PUFA). Following weaning, offspring were maintained on 

a single diet throughout their lifespan, with the exception of a 8-week interval during which 

a cohort of female offspring received an omega-3 polyunsaturated fat (n-3 PUFA) deficient 

diet, followed by an n-3 PUFA rich diet for the remainder of their lifespan (Figure 19). This 

was done to emulate the reintroduction of n-3 PUFA in humans. A control cohort was 

maintained on a standard diet. Behavioral tests and analyses were conducted on the female 

rats upon reaching 16 weeks of age. This was done to evaluate the effects of reintroduction of 

n-3 PUFA during the adult phase. The primary objective of the present study was to assess the 

impact of reintroducing n-3 polyunsaturated fats (PUFAs) into the diet during adulthood in 

female rats following prolonged exposure to a diet deficient in these fats during their lifespan. 

A lack of n-3 PUFAs has been linked with depressive-like behavior and increased levels of 

kynurenine, neuroinflammation, and oligomeric amyloid beta [34]. The dietary regimens 

employed in this study are the same as those utilized in previously published papers by 

Morgese and colleagues. These include studies published in 2017, 2018, 2020, and 2021 (as 

cited in the text), as well as a 2023 paper by Bove and colleagues[11; 34; 38; 118; 128; 129]. 

 

(Figure 19) Experimental design of the study 
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3.3 Behavioral test 

 

3.3.1 Novelty-suppressed feeding test (NSF) 

Anxiety-like behavior was evaluated in rats that had been exposed for their entire lives to 

three different diets using the NSF test (Figure 20). The test was conducted as previously 

described [130]. 

 

(Figure 20) Novelty suppressed feeding (Available from https://www.psychogenics.com/wp-

content/uploads/2020/07/PGI-Depression-2020.pdf) 

Specifically, following a 24-hour period of food deprivation, rats were placed in an arena 

(diameter 75 cm) within which was situated a pellet on a white paper of the same diet 

administered to the animal throughout the experimental procedure. The test was recorded for 

a period of five minutes, and a blinded operator then calculated the latency time to approach 

the food, with the data subsequently expressed in seconds. 

3.3.2 Elevated zero maze test (EZM) 

The objective of the EZM was to examine the manifestation of anxiety-like behavior within 

our experimental groups. In this experiment, we employed a zero maze constructed within a 

circular metal apparatus (Ugo Basile, Camerio, Varese, Italy) with a diameter of 120 cm and 

an elevation of 60 cm relative to the surrounding floor. This apparatus is described in detail 

previously [131]. The apparatus comprised four corridors, two of which were closed (with 

walls 30 cm in height and 10 cm in width) and two open. At the outset of the trial, the rat was 

positioned in the open area, facing the interior of the enclosed zone. Between each trial, the 

maze was cleaned with 70% ethanol to prevent olfactory bias. Each trial was recorded and 

subsequently observed by the operator. The experiment was conducted in a blinded manner. 

The outcomes evaluated were the time spent in the open and enclosed corridors, as well as 
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the number of complete entries into the open and enclosed arms (the data were expressed in 

seconds) (Figure 21). 

 

(Figure 21) Elevated Zero Maze Test Pradhan B and Satapathy T / Journal of Lab Animal Research. 2024; 

3(2): 6-16 

3.3.3 Forced Swimming Test 

The objective of the forced swimming test (FST) was to evaluate the impact of dietary 

exposure on depressive-like behavior in animals. This study employed a protocol derived 

from methods described in a previous study [34]. The procedure was conducted in two 

sessions. The first session, designated as the pre-test, lasted for fifteen minutes. Subsequently, 

a test session was conducted twenty-four hours later. The duration of this second session was 

five minutes. On the first of the two scheduled test days, the animals were placed individually 

within inescapable Perspex cylinders. The dimensions of the cylinders were 23 cm in diameter 

by 70 cm in height, filled with water held at a constant temperature of 25 ± 1 °C, and the 

water level reached 30 cm in height. The animals were subsequently removed from the 

cylinder, towel-dried in a plexiglass cage which had been cleaned for the purpose and returned 

to their home cages. Following each trial, the water was replaced, and the cylinders were 

cleaned. The test phase was conducted after a period of twenty-four hours, with each rat 

undergoing a five-minute assessment utilizing an identical methodology. The session was 

recorded on video for later observation by an individual who was unaware of the assigned 

treatment groups. During the test phase, the frequency of struggling (time spent attempting to 

escape), swimming (time spent moving around the cylinder), and immobility (time spent 

remaining afloat and making only the necessary movements to keep their head above water) 
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were quantified. The frequency of struggling, swimming, and time spent immobile was 

recorded every 5 seconds for a period of 5 minutes (Figure 22). 

 

(Figure 22) Illustration of swimming, climbing, and immobile behaviors in the forced swimming test [132] 

3.3.4 Post mortem tissue analysis 

The first experimental protocol entailed the administration of behavioral tests, followed by 

the induction of anesthesia and subsequent sacrifice of the rats via decapitation. Subsequently, 

the plasma, spleens and brains were collected. The brains were then dissected to obtain the 

AMY and PFC using an ice-chilled brain matrix (World Precision Instruments, Sarasota, FL, 

USA), in accordance with the atlas of Paxinos and Watson. These cerebral areas and spleens 

were then frozen and stored at -80°C until the analyses were performed. For the second 

experimental protocol, blood samples were obtained from the trunk and placed in tubes 

containing 10% EDTA. These were then centrifuged at 4000 x g for ten minutes at 4°C. 

Following this, PFC, HIPP and plasma samples were frozen and stored at -80°C until analysis. 

3.3.5 Neurochemical quantifications 

The aim of this study was to quantify 5-HT, KYN, TRP to obtain the KYN to TRP ratio 

(KTR), as well as 3-hydroxy-kynurenine (3-H-KYN) levels in plasma and spleen. 

Additionally, the amount of NA (NA) in the prefrontal cortex (PFC), amygdala (AMY) and 

spleen of rats was measured via high-performance liquid chromatography (HPLC). The liquid 
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chromatography (HPLC) method was conducted using an Ultimate ECD detector (Thermo 

Scientific Dionex, Milan, Italy), with separation achieved through an LC18 reverse phase 

column (Kinetex, 150 mm × 3 mm, ODS 5 μm; Phenomenex, Castel Maggiore-Bologna, 

Italy). The approach has been previously detailed elsewhere [118; 133]. The detection process 

was facilitated using a thin-layer amperometric cell (Dionex, Thermo Scientifics, Milan, 

Italy), comprising a glassy carbon electrode with a diameter of 5 mm and a working potential 

of either 550 V vs. Pd for KYN, TRP and 5-HT or 750 V vs. Pd for 3 H-KYN and 400 V vs. 

Pd for NA. The mobile phase was composed of an aqueous buffer with a pH value of 3.0, 

which contained 75 mM NaH₂PO₄, 1.7 mM octane sulfonic acid, 0.3 mM EDTA and 

acetonitrile (10%). A flow rate of 0.7 ml/min was employed using an isocratic pump 

(Shimadzu LC-10 AD, Kyoto, Japan). Data acquisition and integration were conducted using 

Chromeleon software (version 6.80, Thermo Scientific Dionex, Milan, Italy). The results were 

expressed as fmol/mg of tissue.  

The concentrations of GABA and glutamate were detected in the AMY and PFC by using 

HPLC coupled with fluorescence detection (emission length 460 nm; excitation length 340 

nm)[11; 129]. The separation was performed using an LC18 reverse phase column (Kinetex 

150 mm × 3 mm, ODS 5 μm; Phenomenex, Castel Maggiore-Bologna, Italy) with 

fluorescence detection following derivatization with o- phthalaldehyde/mercaptopropionic 

acid. The mobile phase, with a pH level of 6.95, comprised 50 mM sodium acetate buffer with 

a gradient of methanol, increasing in a linear fashion from 2% to 30% (volume per volume) 

over the course of 40 minutes. The flow rate was set at 0.5 ml/min by a pump (Jasco, Tokyo, 

Japan). The results obtained were normalized for tissue weight and expressed as μM per mg 

of tissue, using Borwin software (version 1.50; Jasco, Tokyo, Japan).  

In the case of the second experimental setup, the levels of 5-HT, NA, and DA were quantified 

in the prefrontal cortex (PFC) and the hippocampus (HIP), while TRP, KYN, 3-HKYN, MEL 

and 5-HT in plasma were analyzed using high-performance liquid chromatography (HPLC), 

as previously described[118; 134]. The instrument was coupled with an electrochemical 

detector (Ultimate ECD, Thermo Scientific Dionex, Milan, Italy) utilising an LC18 reversed 

phase column (Kinetex, 150 mm × 3 mm, ODS 5 µm; Phenomenex, Castel Maggiore-

Bologna, Italy). The detection was conducted using a thin-layer amperometric cell (Dionex, 

ThermoScientifics, Milan, Italy) with a 5 mm diameter glassy carbon electrode. The working 
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potential was set at 400 mV (vs Pd) for the detection of NA, 5-HT and DA in the PFC and 

HIPP. For the detection of TRP, KYN, 3-HKYN, and 5-HT in plasma, the working potential 

was set at 550 mV (vs. Pd). The mobile phase was composed of an aqueous buffer (pH 3.0) 

containing 75 mM NaH₂PO₄, 1.7 mM octane sulfonic acid, 0.3 mM EDTA, and 10% 

acetonitrile. The sample was subjected to analysis via an isocratic pump (Shimadzu LC-10 

AD, Kyoto, Japan) operating at a flow rate of 0.6ml/min. The data was analyzed using 

Chromeleon software (version 6.80, Thermo Scientific Dionex, Milan, Italy). 

3.3.6 Western blotting 

A western blotting technique was employed for the analysis of total protein samples extracted 

from rat spleen tissues. The spleen samples were weighed and subjected to homogenization 

by ultrasound in Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail, EDTA-Free 

(Thermo Fisher Scientific, USA). Following homogenization, the samples were subjected to 

centrifugation at 12,000 rpm for 10 minutes at 4 degrees Celsius, after which the supernatants 

were collected and retained for further analysis. Subsequently, the protein concentration in the 

samples was quantified using the Pierce™ BCA protein assay kit (Thermo Fisher Scientific, 

USA), with the results determined by the Multiskan™ FC Microplate spectrophotometer 

(Thermo Fisher Scientific, USA). The total protein extract (60 μg) was separated by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4–15% Mini-

PROTEAN™ TGX Stain-Free™ Protein Gels (Bio-Rad, Italy). Subsequently, protein transfer 

onto nitrocellulose membrane (Bio-Rad, Italy) was performed with the Pierce™ Power 

Blotter (Thermo Fisher Scientific, USA). Subsequently, the membranes were blocked with 

5% skimmed milk for one hour at room temperature and incubated with primary antibodies 

overnight at 4 degrees Celsius. The detection of proteins was performed with the use of the 

following antibodies: a monoclonal rabbit antibody (ab277522, Abcam, UK) against 

indoleamine 2,3- dioxygenase (IDO) and a polyclonal rabbit antibody (ab233529, Abcam, 

UK) against kynurenine monooxygenase (KMO). Anti-β-actin (ab8226; 1:1000, Abcam, 

UK), a traditional housekeeping protein, was employed to normalize the expression of the 

proteins. Subsequently, the membranes were incubated with horseradish peroxidase-

conjugated secondary antibodies for one hour at room temperature. The secondary antibodies 

used were goat anti-rabbit immunoglobulin G (ab6721; 1:5000, Abcam, UK) and goat anti-
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mouse immunoglobulin G (ab205719; 1:5000, Abcam, UK). The protein bands were 

visualized using Clarity™ Western ECL Substrate and ChemiDoc™ XRS+ (Bio-Rad, Italy), 

with analysis of the optical densities conducted by an independent observer who was unaware 

of the experimental conditions using ImageJ 1.52a software (National Institutes of Health, 

USA).  

In the second experimental approach, the levels of several proteins were measured in the 

prefrontal cortex (PFC) and hippocampus (HIP) using western blotting. These included 

BDNF(BDNF), nerve growth factor (NGF), postsynaptic density protein 95 (PSD-95), 

synaptophysin (SYN), calmodulin-dependent protein kinase II (CaMKII), amyloid oligomers 

and amyloid-beta precursor protein (APP). The protein concentration was determined using a 

Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Cleveland, OH, USA). 

Subsequently, the samples were resuspended in loading buffer with the addition of 10% β-

mercaptoethanol. Subsequently, the samples were separated using SDS-PAGE precast gels 

(Bio-Rad Laboratories Inc., Segrate, Italy) and transferred onto nitrocellulose membranes 

(Bio-Rad Laboratories Inc., Segrate, Italy) using a Blot chamber (Bio-Rad Laboratories Inc., 

Segrate, Italy). The primary antibody was incubated with the sample for a period of 12–16 

hours at 4°C, following the blocking of the sample with 5% skim milk in phosphate-buffered 

saline containing 0.1% Tween and washing. The following antibodies were used: BDNF 

(ab226843; 1:1000, Abcam, UK), NGF (ab52918; 1:1000, Abcam, UK), PSD-95 (ab18258; 

1:1000, Abcam, UK), SYN (ab8049; 1:500, Abcam, UK), CaMK The following antibodies 

were used: II (ab52476; 1:1000, Abcam, UK), Amyloid Oligomers (ab126892; 1:500, Abcam, 

UK), APP (ab32136; 1:1000, Abcam, UK) and beta-actin (ab8226; 1:1000, Abcam, UK). 

Subsequently, the blots were processed in accordance with standard procedures. The proteins 

were incubated for one hour with secondary antibodies, namely goat anti-rabbit 

immunoglobulin G (ab6721; 1:5000, Abcam, UK) or goat anti-mouse immunoglobulin G 

(ab205719; 1:5000, Abcam, UK). Immunostaining was detected using enhanced 

chemiluminescence (ChemiDoc XRS+, Bio-Rad, Segrate, Italy). The optical densities of the 

bands were subsequently measured using ImageJ software, version 1.52 (National Institutes 

of Health, USA), and normalized with β-actin. 
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3.3.7 Acetylcholine assay 

The levels of acetylcholine (ACh) were evaluated in the spleen samples of rats using a 

commercially available kit (Sigma-Aldrich, Milano, Italy), according to the manufacturer's 

instructions. Intra-assay variations were avoided by performing the analyses of each sample 

and standard in duplicate. 

3.3.8 Enzyme-linked immunosorbent assays (ELISA) 

A commercially available ELISA kit (Sigma-Aldrich, Milano, Italy) was employed for the 

quantification of tumour necrosis factor ɑ (TNF-ɑ) amount in the spleen and plasma, in 

accordance with the manufacturer's instructions. Furthermore, corticosterone levels in 

plasmatic samples were quantified using a Corticosterone ELISA kit (Abcam, Cambridge, 

UK), as outlined by the producer. Both standards and samples were analyzed in duplicate. 

3.3.9 Statistical analyses 

The data were analyzed using GraphPad Prism 9.5 (GraphPad Software, San Diego, CA, 

USA), specifically a two-way analysis of variance (ANOVA) followed by Tukey's multiple 

comparisons test. A p-value of less than 0.05 indicated a statistically significant difference 

between the groups. The results are expressed as means ± standard error of the mean (SEM). 

Prior to data collection, the required sample size was calculated using the GPower software. 

Power analyses were conducted for the behavioral, biochemical and neurochemical 

evaluations separately. Different values of η were employed to select the most appropriate 

effect size for each quantification, in accordance with the literature data and the ethical 

approval granted by the Ministry of Health Board (statistical section). To assess the second 

experimental protocol, the data was subjected to a series of tests for normality. Following this, 

a one-way ANOVA was performed with Tukey's multiple comparison test as the subsequent 

statistical tool. The resulting data was deemed to be statistically meaningful when the P-value 

was found to be less than 0.05. 
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4. RESULTS  

4.1 Lifelong exposure to n-3 PUFA and poor diet causes anxiety in male and 

female adolescent rats. 

To ascertain whether prenatal, perinatal and postnatal exposure to n-3 PUFAs deficient diet 

would evoke an anxiety-like profile, male and female adolescent rats were subjected to two 

behavioral paradigms that are thought to reflect anxiety-like symptoms, namely the novel 

object recognition (NSF) and the elevated zero maze (EZM) tests. Our findings revealed that 

the n-3 PUFA-deficient diet resulted in a notable prolongation of the latency time to approach 

the food in both male and female rats, as observed in the NSF compared to the n-6/n-3 PUFA-

balanced diet (Figure 23). About time spent in open and closed corridors within the EZM, our 

findings revealed a notable discrepancy between the two dietary groups. Rats exposed to the 

n-3 PUFA poor diet demonstrated a reduced propensity to explore the open corridors when 

compared to the rats that had been subjected to the n-6/n-3 balanced diet (Figure 24) and more 

time into the closed corridors of the maze. The results obtained were consistent with those 

observed in the female cohort that had been fed the n-3 PUFA-deficient diet, which 

demonstrated a reduction in the time spent in open corridors relative to both the n-6/n-3 and 

n-3 PUFA diets. 
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(Figure 23) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on NSF in male and female 

adolescent rats. Latency time (sec) of male and female rats on n-6/n-3 balanced PUFA (n = 10 and n = 10), 

n-3 PUFA (n = 8 and n = 10) and n-3 PUFA poor (n = 10 and n = 10) diets. Two-way ANOVA 

(Finteraction(2,52)= 0,1696, P = 0,8445; Fsex(1,52)= 0,04510, P = 0,8326; Fdiet(2,52)= 11,32, P < 0,0001), 

followed by Tukey’s multiple comparison test:* *P < 0.01 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in 

male rats; *P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in female rats 

   

 

(Figure 24) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on EZM test in male and 

female adolescent rats. Time (sec) spent in open corridors of male and female rats on n-6/n-3 balanced PUFA 

(n = 9 and n = 11), n-3 PUFA (n = 10 and n = 10) and n-3 PUFA poor (n = 10 and n = 8) diets. Two-way 

ANOVA (Finteraction(2,52)= 0,1014, P = 0,9038; Fsex(1,52)= 2577, P = 0,1145; Fdiet(2,52)= 9306, P = 0,0004), 

followed by Tukey’s multiple comparison test: *P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in 

males, n-3 PUFA poor vs. n-6/n-3 balanced and n-3 PUFA in female rats  
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4.2 Sex-Specific Effects of Lifelong n-3 PUFA Deficiency on Adolescent Rat Brain 

Neurochemistry 

To corroborate behavioral outcomes with neurochemical measures of interest, we have 

evaluated the levels of neurotransmitters, including NA (NA), 5-HT (5-HT), glutamate, and 

gamma-aminobutyric acid (GABA), in two key areas of the brain involved in the processing 

of anxiety, namely the prefrontal cortex  and the amygdala. 

 

4.3 The impact of dietary regimes on the prefrontal cortex (PFC) 

The results demonstrated that NA levels were significantly higher in the PFC of female rats 

compared to males, irrespective of the dietary regimens provided (Figure 25). Conversely, 5-

HT levels were markedly elevated in male relative to female rats when they were fed the n-

6/n-3 balanced diet and the n-3 PUFA group (Figure 26). Moreover, a notable decline in 

cortical 5-HT levels was observed exclusively in male rats following the reduction of n-3 

PUFA intake (Figure 26). Regarding glutamate cortical levels, no significant differences were 

observed between the sexes. Nevertheless, a diet deficient in n-3 PUFA resulted in a notable 

elevation in excitatory amino acid levels when compared to both n-3 PUFA and n-6/n-3 

balanced diets (Figure 27). Our findings demonstrate that a diet deficient in n-3 PUFA (n-3 

PUFAs) results in a notable reduction in the cortical levels of GABA, an inhibitory amino 

acid. This effect was more pronounced in female juvenile rats compared to those fed a n-6/n-

3 balanced diet or diets containing n-3 PUFAs and was similarly pronounced in male rats 

when compared to the male rats that consumed the n-3 PUFA poor diet (Figure 28). 
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(Figure 25) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on NA levels in the PFC 

of male and female rats. NA (fmol/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 5 and 

n = 5), n-3 PUFA (n = 5 and n = 5) and n-3 PUFA poor (n = 5 and n = 5) diets. Two-way ANOVA 

(Finteraction(2,24)= 1,40, P = 0,2660; Fsex(1,24)= 101,7, P < 0,0001; Fdiet(2,24)= 3702, P = 0,0397), followed 

by Tukey’s multiple comparison test: * ** *P < 0.0001 male vs. female rats for n-3 PUFA poor and n-6/n-3 

balanced PUFA diets; * *P < 0.01 male vs. female rats for n-3 PUFA diet 
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(Figure 26) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on 5-HT levels in the PFC 

of male and female rats. 5-HT (fmol/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 6 

and n = 6), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 6 and n = 5) diets. Two-way ANOVA 

(Finteraction(2,29)= 4890, P = 0,0148; Fsex(1,29)= 17,62, P = 0,0002; Fdiet(2,29)= 3697, P = 0,0371), followed 

by Tukey’s multiple comparison test: * *P < 0.01 males vs. females for n-3 PUFA and males for n-3 PUFA 

poor diet vs. n-3 PUFA; *P < 0.05 males vs. females for n-6/n-3 balanced PUFA and males for n-3 PUFA poor 

diet vs. n-6/n-3 balanced PUFA 
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(Figure 27) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on Glutamate levels in the 

PFC of male and female rats.   Glutamate (μM/mg of tissue) in male and female rats on n-6/n-3 balanced 

PUFA (n = 5 and n = 5), n-3 PUFA (n = 6 and n = 4) and n-3 PUFA poor (n = 6 and n = 5) diets. Two-way 

ANOVA (Finteraction(2,25)= 0,8435, P = 0,4421; Fsex(1,25)= 3703, P = 0,0658; Fdiet(2,25)= 8626, P = 0,0014), 

followed by Tukey’s multiple comparison test: * *P < 0.01 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diets in 

male rats; *P < 0.05 n-3 PUFA poor vs. n-3 PUFA diets in female rats 

 

 



85 
 

(Figure 28) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on GABA levels in the PFC 

of male and female rats. GABA (μM/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 5 

and n = 5), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 5 and n = 6) diets; Two-way ANOVA 

(Finteraction(2,27)= 3948, P = 0,0313; Fsex(1,27)= 15,38, P = 0,0005; Fdiet(2,27)= 2998, P = 0,0667), followed 

by Tukey’s multiple comparison test: * **P < 0.01 males vs. females for n-3 PUFA poor diet,* *P < 0.01 n-3 

PUFA poor vs. n-6/n-3 balanced diet in female rats, *P < 0.05 n-3 PUFA poor vs. n-3 PUFA diet in female 

rats 

 

4.4 The impact of dietary regimes in the amygdala (AMY) 

In addition to the neurochemical evaluation conducted in the prefrontal cortex, we quantified 

NA, 5-HT, glutamate and GABA in the amygdala of male and female adolescent rats that 

were exposed throughout their lives to the modified diets. Our findings revealed that NA 

levels were significantly elevated in animals that were exposed to a diet deficient in n-3 

PUFAs, irrespective of sex (Figure 29). 

 

 

(Figure 29) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on NA levels in the AMY 

of male and female rats. NA (fmol/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 5 and 

n = 6), n-3 PUFA (n = 6 and n= 6) and n-3 PUFA poor (n = 6 and n = 6) diets. Two-way ANOVA 

(Finteraction(2,29)= 0,7525, P = 0,4802; Fsex(1,29)= 2294, P = 0,1407, Fdiet(2,29)= 7302, P = 0,0027), followed 

male female
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by Tukey’s multiple comparison test: *P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diets in male rats 

and n-3 PUFA poor vs. n-3 PUFA in female rats 

 

 

(Figure 30) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on 5-HT levels in the AMY 

of male and female rats. 5-HT (fmol/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 6 

and n = 6), n-3 PUFA (n = 5 and n = 6) and n-3 PUFA poor (n = 5 and n = 5) diets. Two-way ANOVA 

(Finteraction (2,27)= 7115, P = 0,0033; Fsex(1,27)= 53,53, P < 0,0001, Fdiet(2,27)= 34,07, P < 0,0001), followed 

by Tukey’s multiple comparison test: * ** *P < 0.0001 females vs. males for n-3 PUFA poor diets and n-3 

PUFA poor vs. n-6/n-3 balanced PUFA and n-3 PUFA diets in female rats; *P < 0.05 males vs. females for n-

6/n-3 balanced PUFA diet 
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(Figure 31) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on Glutamate levels in the 

AMY of male and female rats. Glutamate (μM/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA 

(n = 5 and n = 5), n-3 PUFA (n = 5 and n = 6) and n-3 PUFA poor (n = 6 and n = 6) diets. Two-way ANOVA 

(Finteraction(2,27)= 4387, P = 0,0224; Fsex(1,27)= 13,98, P = 0,0009; Fdiet(2,27)= 4190, P = 0,0260), followed 

by Tukey’s multiple comparison test: * *P < 0.01 males vs. females for n-3 PUFA diet 
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(Figure 32) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on GABA levels in the 

AMY of male and female rats. GABA (μM/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n 

= 6 and n = 6), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 6 and n = 5) diets. Two-way ANOVA 

(Finteraction(2,29)= 1809, P = 0,1818; Fsex(1,29)= 3030, P = 0,0923; Fdiet(2,29)= 3957, P = 0,0302), followed 

by Tukey’s multiple comparison test: *P < 0.05 n-3 PUFA vs. n-6/n-3 balanced PUFA and n-3 PUFA poor diets 

in male rats 

In terms of 5-HT, the quantity of this amine was elevated in females that were fed a diet 

deficient in n-3 PUFA in comparison to those that were fed a diet that was n-6/n-3 balanced 

and deficient in n-3 PUFA (Figure 30). However, the levels of 5-HT were found to be higher 

in female adolescent rats in comparison to males in both the n-6/n-3 balanced and deficient 

n-3 PUFA diet groups. Regarding glutamate amygdala levels, the sole significant discrepancy 

was observed between male and female adolescent rats exposed to a diet abundant in n-3 

PUFA (Figure 31). Ultimately, GABA levels were quantified. As illustrated in Figure 32, no 

statistically significant differences were identified. However, in male rats, the diet rich in n-3 

PUFA resulted in a notable elevation in AMY GABA levels (Figure 32). 

4.5 Differential Impact of Lifelong n-3 PUFA Deficiency on Systemic Pro-

Inflammatory Biomarkers in Male and Female Adolescent Rats 

To further evaluate the systemic impact of n-3 PUFA deficiency in the diet, plasmatic levels 

of corticosterone were quantified. Statistical analysis demonstrated that an n-3 PUFA poor 

diet resulted in a significant increase in circulating corticosterone levels, which were not 

affected by sex (Figure 33). About the pro-inflammatory biomarker TNF-α, it was observed 

that female rats that had been fed a diet with a ratio of n-6 to n-3 fats that was within the 

normal range exhibited elevated levels in comparison to male rats of the same age that were 

fed a diet with a different ratio of these fats. Moreover, only in female rats did the diet rich in 

n-3 PUFAs result in a notable decline in the levels of TNF-α in the systemic circulation 

(Figure 34). Subsequently, the pro-inflammatory immunomodulatory KYN and the pro-

oxidant KYN metabolite 3-OH-KYN were quantified. It was found that plasmatic KYN levels 

exhibited an increase solely in male adolescent rats exposed to a diet deficient in n-3 PUFA 

(Figure 35). Regarding 3-OH-KYN, a notable elevation in plasma biomarkers was observed 

in both sexes when a dietary intake deficient in n-3 PUFAs was present (Figure 36). 
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(Figure 33) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on Corticosterone levels 

in the plasma of male and female rats.  Corticosterone (ng/mg of proteins) in male and female rats on n-6/n-3 

balanced PUFA (n = 5 and n = 5), n-3 PUFA (n = 5 and n = 6) and n-3 PUFA poor (n = 5 and n = 5) diets. 

Two-way ANOVA (Finteraction(2,25)= 1006, P = 0,3805; Fsex(1,25)= 0,05010, P = 0,8248; Fdiet(2,25)= 18,26, 

P < 0,0001), followed by Tukey’s multiple comparison test: * **P < 0.001 n-3 PUFA poor vs. n-6/n-3 balanced 

PUFA and n-3 PUFA diets in male rats; * *P < 0.01 n-3 PUFA poor vs. n-3 PUFA diet in female rats; *P < 

0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in female rats. 

 

 

(Figure 34) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on TNF-α levels in the 

plasma of male and female rats. TNF-α (pg/ml) in male and female rats on n-6/n-3 balanced PUFA (n = 6 and 

n = 5), n-3 PUFA (n = 5 and n = 5) and n-3 PUFA poor (n = 6 and n = 6) diets. Two-way ANOVA 

(Finteraction(2,27)= 21,83, P < 0,0001; Fsex(1,24)= 166,3, P < 0,0001; Fdiet(2,24)= 9789, P = 0,0008), followed 
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by Tukey’s multiple comparison test: * ** *P < 0.0001 males vs. females for n-6/n-3 balanced PUFA diet, n-3 

PUFA vs. n-6/n-3 balanced PUFA and n-3 PUFA poor diets in female rats 

 

 

 

 

 

(Figure 35) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on KYN levels in the plasma 

of male and female rats. KYN (fmol/ml of blood) in male and female rats on n-6/n-3 balanced PUFA (n = 6 

and n = 6), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 6 and n = 6) diets. Two-way ANOVA 

(Finteraction(2,30)= 2341, P = 0,1136; Fsex(1,30)= 3228, P = 0,0825; Fdiet (2,30)= 2501, P = 0,0989), followed 

by Tukey’s multiple comparison test: *P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in male rats 
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(Figure 36) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on 3-H-KYN levels in the 

plasma of male and female rats. 3-H-KYN (fmol/μg of plasma) in male and female rats on n-6/n-3 balanced 

PUFA (n = 5 and n = 7), n-3 PUFA (n = 6 and n = 5) and n-3 PUFA poor (n = 7 and n = 6) diets. Two-way 

ANOVA (Finteraction(2,30)= 0,02223, P = 0,9780; Fsex(1,30)= 5560, P = 0,0251; Fdiet(2,30)= 12,11, P = 

0,0001), followed by Tukey’s multiple comparison test:* *P < 0.01 n-3 PUFA poor vs. n-3 PUFA diet in males; 

*P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in males; n-3 PUFA poor vs. n-6/n-3 balanced PUFA 

and n-3PUFA diets in females 

4.6 Chronic exposure to an n-3 PUFA-deficient diet distinctly influences spleen 

quantification measures in male and female adolescent rats 

Considering the pivotal function of the immune system in mental health and the growing 

evidence for the spleen-brain axis in such disorders, we quantified a panel of biomarkers of 

inflammation and immune activation in the spleen of adolescent rats exposed to modified 

diets. We quantified KTR, an indicator of indoleamine 2,3 dioxygenase (IDO) activity, and 
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observed a significant increase in spleen KTR in male and female rats exposed to diets lacking 

n-3 polyunsaturated fats (PUFAs) (Figure 37). IDO expressions were quantified in all 

experimental groups. The results indicated a statistically significant reduction in the male rats 

following lifelong exposure to an n-3 PUFA-deficient diet (Figure 38). However, a contrasting 

outcome was evident in the female rats, exhibiting an inverse effect. In terms of KMO 

expression, no significant differences were identified (Figure 39).  

 

 

(Figure 37) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on KTR levels in the spleen 

of male and female rats. KTR in male and female rats on n-6/n-3 balanced PUFA (n = 6 and n = 6), n-3 PUFA 

(n = 6 and n = 6) and n-3 PUFA poor (n = 6 and n = 6) diets. Two-way ANOVA (Finteraction(2,30)= 0,5843, 

P = 0,5637; Fsex(1,30)= 0,2708, P = 0,6066; Fdiet(2,30)= 18,10, P < 0,0001), followed by Tukey’s multiple 

comparison test: * **P < 0.001 n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in female rats; * *P < 0.01 n-

3 PUFA poor vs. n-3 PUFA diet in females and n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in males 
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(Figure 38) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on IDO levels in the spleen 

of male and female rats.  Quantifications and representative images of the optical band density of IDO 

normalized for optical band density of β-actin housekeeping gene in male and female rats on n-6/n-3 balanced 

PUFA (n = 6 and n = 5), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 5 and n = 6) diets. Two-way 

ANOVA (Finteraction (2,28)= 9847, P = 0,0006; Fsex(1,28)= 2147, P = 0,1539; Fdiet(2,28)= 0,02839, P = 

0,9720), followed by Tukey’s multiple comparison test: *P < 0.05 n-3 PUFA poor vs. n-6/n-3 balanced PUFA 

diet in males; n-3 PUFA poor vs. n-6/n-3 balanced PUFA and n-3 PUFA diets in females 

 

 

 

 

 



94 
 

 

 

(Figure 39) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on KMO levels in the 

spleen of male and female rats.  Quantifications and representative images of the optical band density of KMO 

normalized for optical band density of β-actin housekeeping gene in male and female rats on n-6/n-3 balanced 

PUFA (n = 6 and n = 6), n-3 PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 6 and n = 6) diets, respectively, 

Two-way ANOVA (Finteraction(2,30)= 2142, P = 0,1350; Fsex(1,30)= 1714, P = 0,2004; Fdiet(2,30)= 0,06160, P 

= 0,9404), followed by Tukey’s multiple comparison test: P > 0.05 ns 
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Given the crucial role played by NAergic innervation in the functioning of the spleen, we 

quantified the concentration of NA in this organ. The findings demonstrated that, compared 

with male rats, the spleen of female adolescent rats exhibited elevated NA levels (Figure 40). 

 

 

 

(Figure 40) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on NA levels in the spleen 

of male and female rats. NA (fmol/mg of tissue) in male and female rats on n-6/n-3 balanced PUFA (n = 5 and 

n = 5), n-3 PUFA (n = 5 and n = 5) and n-3 PUFA poor (n = 5 and n = 5) diets. Two-way ANOVA 

(Finteraction(2,24)= 5706, P = 0,0120; Fsex(1,24)= 32,33, P < 0,0001; Fdiet(2,24)= 8691, P = 0,0023), followed 

by Tukey’s multiple comparison test: * ** *P < 0.0001 females vs. males for n-3 PUFA poor diet; * *P < 0.01 

n-3 PUFA poor vs. n-6/n-3 balanced PUFA diet in females; *P < 0.05 n-3 PUFA poor vs. n-3 PUFA diet in 

females. 
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(Figure 41) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on ACh levels in the spleen 

of male and female rats. ACh (μM) in male and female rats on n-6/n-3 balanced PUFA (n = 5 and n = 6), n-3 

PUFA (n = 6 and n = 6) and n-3 PUFA poor (n = 5 and n = 6) diets. Two-way ANOVA (Finteraction(2,28)= 

4139, P = 0,0266; Fsex(1,28)= 0,1028, P = 0,7508; Fdiet(2,28)= 6870, P = 0,0037), followed by Tukey’s multiple 

comparison test: * *P < 0.01 n-3 PUFA poor vs. n-6/n-3 balanced and n-3PUFA diets in male rats. 
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(Figure 42) Effects of n-6/n-3 balanced PUFA, n-3 PUFA and n-3 PUFA poor diets on TNF-α levels in the 

spleen of male and female rats. TNF-α (pg/ml) in male and female rats on n-6/n-3 balanced PUFA (n = 5 and 

n = 5), n-3 PUFA (n = 6 and n = 5) and n-3 PUFA poor (n = 5 and n = 5) diets. Two-way ANOVA 

(Finteraction(2,25)= 4114, P = 0,0291; Fsex (1,25)= 0,5650, P = 0,4595; Fdiet(2,25)= 14,21, P < 0,0001), 

followed by Tukey’s multiple comparison test: * ** *P < 0.0001 n-3 PUFA poor vs. n-6/n-3 balanced PUFA 

diet in male rats; * **P < 0.001 n-3 PUFA poor vs. n-3 PUFA diet in males 

Nevertheless, the administration of a diet deficient in n-3 PUFA resulted in a notable elevation 

in NA levels, a phenomenon that was observed exclusively in female subjects (Figure 40). In 

addition, we assessed the impact of lifelong exposure to n-3 PUFA deficiency on the levels of 

ACh in the same experimental groups using statistical analysis. The results indicated that only 

in male rats did the levels of ACh increase because of this exposure (Figure 41). In conclusion, 

the concentration of TNF-α in the spleen was quantified and it was found that only male rats 

that had been exposed in their adolescence to a dietary intake of n-3 PUFAs below the 

recommended level exhibited an increase in this cytokine (Figure 42). 
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4.7 N-3 PUFA supplementation alleviates diet-induced depressive-like 

behaviors in the FST 

To investigate the influence of n-3 PUFA supplementation on a model of diet-induced 

depressive-like behavior, the FST was conducted on three experimental groups: a standard 

diet group, an n-3 poor diet group and an n-3 poor diet group that was subsequently switched 

to an n-3 enriched diet. A notable increase in immobility frequency was observed in the n-3 

poor diet group relative to the standard diet group (Figure 43). This difference was statistically 

significant (ordinary one-way ANOVA followed by Tukey's multiple comparison test, **P < 

0.01 standard diet vs. n-3 poor). Conversely, the replenishment of the restoration of n-3 PUFA 

in the diet resulted in a return of immobility frequency to levels comparable to those observed 

in the standard diet (Figure 43). This was determined using a one-way ANOVA followed by 

Tukey's multiple comparison test, which yielded a statistically significant result (P<0.05) 

when comparing the n-3 poor and n-3 poor switched to n-3 enriched groups. Furthermore, the 

supplementation of n-3 PUFA only partially restored the struggling frequency in comparison 

to the standard diet (Figure 43, one-way ANOVA followed by Tukey's multiple comparison 

test, **P < 0.01 standard diet vs. n-3 poor and P > 0.05 n-3 poor diet vs. n-3 poor switched to 

n-3 enriched). The analysis of swimming behaviour revealed no significant differences 

(Figure 43, one-way ANOVA followed by Tukey's multiple comparison test, P > 0.05). 

 

(Figure 43) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on FST in female 

rats. Frequency measure of immobility, struggling, and swimming behaviors in female rats fed with standard 

diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-3 enriched diet (strip bar). Frequency 

measure of immobility, ordinary one-way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 

standard diet VS n-3 poor; *P<0.05 n-3 poor VS n-3 poor switched to n-3 enriched. Data are expressed as 
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mean ± SEM (n = 7-10 per group for immobility frequency). Frequency measure of struggling, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 standard diet VS n-3 poor. Data are 

expressed as mean ± SEM (n = 7-10 per group for struggling frequency). Frequency measure of swimming, 

ordinary one-way ANOVA followed by Tukey’s multiple comparison test, P > 0.05, n.s. Data are expressed as 

mean ± SEM (n = 7-10 per group for struggling frequency) 

 

4.8 Replenishing n-3 PUFAs restores cortical neurochemical balance 

disrupted by an n-3 PUFA-deficient diet 

To corroborate behavioral findings with neurochemical data, we quantified 5-HT, NA and DA 

content in the PFC of rats that were exposed to the diet under investigation. The results 

demonstrated that the concentrations of cortical 5-HT and DA were significantly lower in 

animals that were fed an n-3 poor diet compared to those that were fed a standard diet (Figure 

44 and 46). This was determined using a one-way ANOVA followed by Tukey's multiple 

comparison test, with a P-value of less than 0.01 and 0.05, respectively, indicating a 

statistically significant difference between the standard diet and the n-3 poor diet. In 

accordance with behavioral outcomes, n-3 PUFA supplementation resulted in the restoration 

of levels of these cortical neurotransmitters to those observed in the control group (Figures 

44 and 45). This was achieved using a one-way ANOVA followed by Tukey's multiple 

comparison test, with a significance level of P < 0.05. The groups being compared were n-3 

poor vs n-3 poor switched to n-3 enriched. In contrast, about NA levels, lifelong exposure to 

an n-3 poor diet resulted in elevated NA content. However, n-3 PUFA supplementation led to 

a restoration of neurotransmitter levels to control levels (Figure 46). This was determined 

through a one-way ANOVA followed by Tukey's multiple comparison test, with a significance 

level of P < 0.05 for the comparison between the standard diet and the n-3 poor diet, and a 

significance level of P < 0.01 for the comparison between the n-3 poor diet and the n-3 poor 

diet switched to an n-3 enriched diet. 
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(Figure 44) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on 5-HT levels 

in female rats in PFC. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-

3 enriched diet (strip bar) on the cortical neurotransmitter. Measure of 5-HT concentrations, one-way ANOVA 

followed by Tukey’s multiple comparison test, **P<0.01 standard diet vs n-3 poor; *P<0.05 n-3 poor VS n-3 

poor switched to n-3 enriched. Data are expressed as mean ± SEM (n =6 per group for 5-HT levels in PFC) 
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(Figure 45) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on DA  levels in 

female rats in PFC. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-3 

enriched diet (strip bar) on the cortical neurotransmitter. Measure of DA concentrations, one-way ANOVA 

followed by Tukey’s multiple comparison test, *P<0.05 standard diet vs n-3 poor; *P<0.05 n-3 poor VS n-3 

poor switched to n-3 enriched. Data are expressed as mean ± SEM (n =6 per group for DA levels in PFC) 

 

 

(Figure 46) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on NA levels in 

female rats in PFC. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-3 

enriched diet (strip bar) on the cortical neurotransmitter. Measure of NA concentrations, one-way ANOVA 

followed by Tukey’s multiple comparison test, *P<0.05 standard diet vs n-3 poor; **P<0.01 n-3 poor VS n-3 

poor switched to n-3 enriched. Data are expressed as mean ± SEM (n =6 per group for NA levels in PFC) 
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4.9 Replenishing n-3 PUFAs reverses the neurochemical changes in the 

hippocampus caused by n-3 PUFA deficiency 

Given the pivotal role of the limbic system in emotional regulation, we conducted a 

quantitative analysis of the neurotransmitters 5-HT, NA, and DA in the HIPP of female rats 

that had been subjected to the previously outlined dietary regimes. The data indicated a 

notable decrease in 5-HT, NA and DA levels within the hippocampus of rats subjected to a 

dietary regimen deficient in n-3 PUFA when compared to the control cohort (Figure 47-48-

49, One-way ANOVA followed by Tukey's multiple comparison test, ***P<0.001, for DA, 

and **P<0.01, for 5-HT and NA, standard diet vs n-3 poor). A similar restoration of alterations 

induced by PUFA deficiency was observed in the hippocampus. The transition from an n-3 

PUFA deficient to an n-3 PUFA enriched diet (Figure 47-48-49) produced significant changes 

in levels of the neurotransmitters DA, 5-HT and NA. These changes were significant when 

comparing the two diets (n-3 poor vs. n-3 enriched) using a one-way analysis of variance 

(ANOVA) followed by Tukey's multiple comparison test (*P < 0.05, **P < 0.01). 

 

(Figure 47) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on 5-HT levels 

in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to 
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n-3 enriched diet (strip bar) on the hippocampus neurotransmitters. Measure of 5-HT concentrations, ordinary 

one-way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 standard diet vs n-3 poor; *P<0.05 

n-3 poor vs n-3 poor switched to n-3 enriched. Data are expressed as mean ± SEM (n = 6 per group for 5-HT 

levels in HIPP) 

 

 

(Figure 48) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on DA levels in 

female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-3 

enriched diet (strip bar) on the hippocampus neurotransmitters. Measure of DA concentrations, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, ***P<0.001 standard diet vs n-3 poor; **P<0.01 

n-3 poor VS n-3 poor switched to n-3 enriched. Data are expressed as mean ± SEM (n = 6 per group for DA 

levels in HIPP) 
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(Figure 49) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on NA levels in 

female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched to n-3 

enriched diet (strip bar) on the hippocampus neurotransmitters. Measure of NA concentrations, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 standard diet vs n-3 poor; *P<0.05 n-3 

poor vs n-3 poor switched to n-3 enriched. Data are expressed as mean ± SEM (n = 6 per group for NA levels 

in HIPP) 

 

5.0 Dietary n-3 PUFA supplementation elevates cortical BDNF expression levels 

but does not affect NGF 

As illustrated in Figure 50, the n-3 poor diet has been observed to result in a reduction in 

cortical BDNF content when compared to the standard diet (Figure 50, one-way ANOVA 

followed by Tukey's multiple comparison test, **P < 0.01 n-3 poor vs standard diet). The 

administration of n-3 PUFAs and a diet that was n-3 PUFA enriched reversed the decline in 

BDNF expression observed in the experimental group (Figure 50). This was demonstrated by 

a one-way analysis of variance (ANOVA), with a Tukey's multiple comparison test, which 

showed a statistically significant difference between the n-3 poor and n-3 poor switched to n-
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3 enriched groups (P < 0.01). Nevertheless, no statistically significant differences were found 

with regard to cortical NGF levels between the various groups (Figure 51, one-way ANOVA 

followed by Tukey's multiple comparison test, P > 0.05, n.s.). 

 

 

 

 

(Figure 50) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the cortical 

BDNF expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on neurotrophins levels. Quantification of BDNF, one-way 

ANOVA followed by Tukey’s multiple comparison test, **P<0.01 n-3 poor vs standard diet, and n-3 poor vs n-

3 poor switched to n-3 enriched. Data are expressed as mean ± SEM (n = 5 per group for BDNF expression 

in PFC) 
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(Figure 51) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the cortical 

NGF expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor 

switched to n-3 enriched diet (strip bar) on neurotrophins levels. Quantification of NGF, one-way ANOVA 

followed by Tukey’s multiple comparison test, P>0.05, n.s. Data are expressed as mean ± SEM (n = 5 per 

group for NGF expression in PFC) 

 

5.1 Dietary n-3 PUFA supplementation enhances the expression levels of BDNF 

and NGF in the hippocampus 

Furthermore, the levels of BDNF and NGF in the hippocampus have been quantified. The 

data demonstrated that while n-3 PUFA deprivation did not affect BDNF content, exposure to 

an n-3 enriched diet resulted in increased BDNF expression levels in comparison to a standard 

diet and an n-3 poor diet (Figure 52, one-way ANOVA followed by Tukey). 



107 
 

 

 

(Figure 52) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the 

hippocampal BDNF expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey 

bar) and n-3 poor switched to n-3 enriched diet (strip bar) on the neurotrophins levels. Quantification of 

BDNF, ordinary one-way ANOVA followed by Tukey’s multiple comparison test **P<0.01 standard diet VS n-

3 poor switched to n-3 enriched, *P<0.05 n-3 poor VS n-3 poor switched to n-3 enriched. Data are expressed 

as mean ± SEM (n = 5 per group for BDNF expression in HIPP) 
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(Figure 53) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the 

hippocampal NGF expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) 

and n-3 poor switched to n-3 enriched diet (strip bar) on the neurotrophins levels. Quantification of NGF, one-

way ANOVA followed by Tukey’s multiple comparison test, *P<0.05 standard diet VS n-3 poor; *P<0.05 n-3 

poor VS n-3 poor switched to n-3 enriched. Data are expressed as mean ± SEM (n = 5 per group for NGF 

expression in HIPP) 

The multiple comparison test revealed a statistically significant difference between the 

standard diet and the n-3 poor diet that was switched to n-3 enriched (P < 0.01). Additionally, 

there was a statistically significant difference between the n-3 poor diet and the n-3 poor diet 

that was switched to n-3 enriched (P < 0.05). Regarding NGF, a marked decline in expression 

levels was observed in response to an n-3 poor diet when compared with other experimental 

groups (Figure 53). This finding was confirmed through the implementation of a one-way 

ANOVA, followed by Tukey's multiple comparison test, which revealed a statistically 
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significant difference (P < 0.05) between the n-3 poor diet and the standard diet and the n-3 

enriched diet. The experimental group, which was initially exposed to n-3 PUFA deficiency 

and then supplemented with n-3 PUFA, demonstrated that dietary replenishment with n-3 

PUFA led to the restoration of NGF to control levels (Figure 53). This was evidenced by the 

application of a one-way ANOVA followed by Tukey's multiple comparison test, which 

yielded a statistically significant result (P < 0.05). The findings revealed that there was a 

notable decline in the levels of NGF in the group designated as n-3 deficient, which was 

subsequently reversed through the introduction of n-3 enriched dietary supplementation. 

5.2 N-3 PUFA supplementation enhances SYN and CAMKII expression levels in 

the PFC but has no impact on PSD95 

To ascertain whether a diet deficient in n-3 PUFA and the subsequent reintroduction in young 

adult female rats would have an adverse effect on cortical synaptic function, we conducted a 

quantitative analysis of SYN, CAMKII, and PSD95 content. It was observed that the n-3 poor 

diet resulted in a notable decline in SYN expression levels when compared to the standard 

diet (Figure 54, one-way ANOVA followed by Tukey's multiple comparison test, **P < 0.01 

standard diet vs. n-3 poor). Furthermore, the reintroduction of n-3 PUFAs reversed the effect 

of n-3 PUFA deficiency (Figure 54, one-way ANOVA followed by Tukey's multiple 

comparison test, *P<0.05 n-3 poor vs n-3 poor switched to n-3 enriched). About CAMKII, 

the results demonstrated a significant increase in protein expression levels in the group 

receiving n-3 polyunsaturated fatty acid (PUFA) supplementation compared to the group 

receiving an n-3 PUFA-deficient diet. This is illustrated in figure 55, which presents a one-

way analysis of variance (ANOVA), followed by Tukey's multiple comparison test. The 

statistical significance is represented by *P<0.05 and **P<0.01, with one-way ANOVA 

indicating that the difference between the two groups is not significant. However, when the 

two groups were switched to an n-3 PUFA-enriched diet, the protein expression levels 

increased significantly. In conclusion, the objective was to quantify the impact of diverse 

dietary regimes on the cortical level of PSD95. The outcomes indicated no statistically 

significant discrepancies amongst the experimental groups (Figure 56, one-way ANOVA 

followed by Tukey's multiple comparison test, P > 0.05, not significant). 
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(Figure 54) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the cortical 

SYN expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor 

switched to n-3 enriched diet (strip bar) on the protein’s levels.  Quantification of SYN, one-way ANOVA 

followed by Tukey’s multiple comparison test, **P<0.01 standard diet vs n-3 poor; *P<0.05 n-3 poor VS n-3 

poor switched to n-3 enriched; Data are expressed as mean ± SEM (n = 5 per group for SYN expression in 

PFC) 
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(Figure 55) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the cortical 

CAMKII expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of CAMKII, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 n-3 poor vs n-3 poor switched to n-3 

enriched. Data are expressed as mean ± SEM (n = 5 per group for CAMKII expression in PFC) 

 

 

 

 

 

 



112 
 

 

 

 

(Figure 56) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the cortical 

PSD95 expression levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of PSD95, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, P>0.05, n.s. Data are expressed as mean ± SEM (n 

= 5 per group for PSD95 expression in PFC) 
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5.3 Hippocampal synaptic function remained unchanged by n-3 PUFA deficiency 

and n-3 PUFA supplementation 

The results presented in Figures 57-58-59 illustrate that there were no statistically significant 

differences in the expression levels of SYN, CAMKII and PSD95 in the hippocampus (Figure 

57-58.59, one-way ANOVA followed by Tukey's multiple comparison test, P > 0.05, not 

significant). 

 

 

 

(Figure 57) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the SYN  

expression levels in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of SYN, ordinary one-way 

ANOVA followed by Tukey’s multiple comparison test, P > 0.05, n.s. Data are expressed as mean ± SEM (n = 

5 per group for SYN expression in HIPP) 
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(Figure 58) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the CAMKII 

expression levels in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of CAMKII, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, P > 0.05, n.s. Data are expressed as mean ± SEM 

(n = 5 per group for CAMKII expression in HIPP) 
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(Figure 59) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the PSD95 

expression levels in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of PSD95, ordinary one-

way ANOVA followed by Tukey’s multiple comparison test, P > 0.05, n.s. Data are expressed as mean ± SEM 

(n= 5 per group for PSD95 expression in HIPP) 

5.4 Reintroduction of n-3 PUFAs did not influence cortical Amyloid Oligomer 

and APP expression levels 

The investigation revealed that there was no statistically significant discrepancy in the 

amyloid oligomer and APP expression levels in the PFC of the female rats that had been 

exposed to the experimental diets. This finding is illustrated in Figures 60 and 61, which 

present the results of the one-way ANOVA followed by the Tukey's multiple comparison test.  
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The p-value was greater than 0.05, indicating that the difference between the groups was not 

statistically significant. 

 

(Figure 60) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the Amyloid 

Oligomers expression levels in female rats in PFC. Effect of standard diet (white bar), n-3 poor diet (grey bar) 

and n-3 poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of Amyloid 

Oligomers, ordinary one-way ANOVA followed by Tukey’s multiple comparison test, *P<0.05 standard diet vs 

n-3 poor. Data are expressed as mean ± SEM (n= 5 per group for Amyloid Oligomers expression in PFC) 
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(Figure 61) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on APP 

expression levels in female rats in PFC. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of APP, one-way ANOVA 

followed by Tukey’s multiple comparison test, *P<0.05 standard diet vs n-3 poor. Data are expressed as mean 

± SEM (n= 5 per group for APP expression in PFC) 

 

5.5 N-3 PUFA reintroduction only partially reversed the elevated expression 

levels of Amyloid Oligomers and APP in the hippocampus 

We quantified amyloid oligomer and APP levels in the hippocampus of rats that had been fed 

a diet deficient in n-3 fatty acids, in comparison with a control diet. Our findings revealed a 

significant increase in the content of amyloid oligomers and APP in the hippocampus of rats 

that had been fed an n-3 poor diet (Figure 62-63), which was further substantiated by one-

way ANOVA followed by Tukey's multiple comparison test (**P<0.01 standard diet vs n-3 

poor; *P<0.05 standard diet vs n-3 poor). The data indicated that, when animals were exposed 
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to a diet rich in n-3 PUFA, only a slight, though not statistically significant, trend towards 

reduction was evidenced in this experimental group (Figure 40 A-B, one-way ANOVA 

followed by Tukey's multiple comparison test, P>0.05 standard diet and n-3 poor vs n-3 

enriched). 

 

 

 

(Figure 62) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the Amyloid 

Oligomers expression levels in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey 

bar) and n-3 poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of Amyloid 

Oligomers, one-way ANOVA followed by Tukey’s multiple comparison test, **P<0.01 standard diet vs n-3 

poor. Data are expressed as mean ± SEM (n = 5 per group for Amyloid Oligomers expression in HIPP) 
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(Figure 63) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the APP 

expression levels in female rats in HIPP. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 

poor switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of APP, ordinary one-way 

ANOVA followed by Tukey’s multiple comparison test, *P<0.05 standard diet vs n-3 poor. Data are expressed 

as mean ± SEM (n = 5 per group for APP expression in HIPP) 

5.6 N-3 PUFA reintroduction lowers 3-HKYN plasma levels but does not 

affect KTR or 5-HT 

To evaluate the potential systemic effects of reintroducing n-3 PUFA into the diet, we 

undertook a quantitative analysis of plasmatic metabolites associated with the 

kynurenine/tryptophan metabolic pathway. The findings demonstrated that an n-3 poor diet 

resulted in a notable elevation in KTR levels in comparison to a standard diet (Figure 64, one-

way ANOVA followed by Tukey's multiple comparison test, *P<0.05 standard diet vs n-3 

poor). Furthermore, the replenishment the restoration of the parameter to control levels was 
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achieved through the replenishment of the diet with n-3 PUFA (Figure 64, one-way ANOVA 

followed by Tukey's multiple comparison test, *P<0.05 n-3 poor vs n-3 poor switched to n-3 

enriched). Subsequently, plasmatic 3-HKYN levels were quantified. The results of the 

statistical analysis indicated that a diet deficient in n-3 PUFAs and subsequently enriched in 

n-3 PUFAs resulted in a notable reduction in plasmatic 3-HKYN levels in comparison to the 

other dietary regimens (Figure 65). This was determined through a one-way analysis of 

variance (ANOVA) followed by Tukey's multiple comparison test, with a statistical 

significance of P < 0.01, indicating a significant difference between the standard diet and the 

n-3 poor diet that was subsequently switched to an n-3 enriched diet. With respect to 5-HT, 

the circulating levels of this monoamine were found to be elevated in female subjects who 

were fed a diet deficient in n-3 PUFA in comparison to those who consumed a standard diet. 

The reintroduction of n-3 PUFA into the diet did not affect this outcome (Figure 66, one-way 

ANOVA followed by Tukey's multiple comparison test, *P < 0.05 standard diet vs. n-3 poor 

and n-3 poor switched to n-3 enriched). 

 

(Figure 64) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

KTR levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched 

to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of KTR, one-way ANOVA followed by 

Tukey’s multiple comparison test, *P<0.05 standard diet vs n-3 poor and n-3 poor switched to n-3 enriched. 

Data are expressed as mean ± SEM (n= 6 per group for KTR plasmatic levels) 
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(Figure 65) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

3-HKYN levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor 

switched to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of 3-HKYN, one-way ANOVA 

followed by Tukey’s multiple comparison test, *P<0.05 *P<0.05 standard diet vs n-3 poor and n-3 poor 

switched to n-3 enriched. Data are expressed as mean ± SEM. Data are expressed as mean ± SEM (n = 6 per 

group for 3-HKYN levels) 

 

(Figure 66) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

5-HT levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched 
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to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of 5-HT, ordinary one-way ANOVA 

followed by Tukey’s multiple comparison test, *P<0.05 standard diet VS n-3 poor; Data are expressed as mean 

± SEM (n= 6 per group for 5-HT plasmatic levels) 

 

5.7 The reintroduction of N-3 PUFAs reduces the level of melatonin in the plasma 

but not that of tryptophan 

Dietary deficiency of n-3 PUFAs induced an increase in systemic MEL and tryptophan 

expression levels, and re-introducing n-3 PUFAs reversed this effect (Figure 68-69). There 

were no statistically significant differences in the expression levels of KYN (Figure 67). 

 

(Figure 67) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

KYN levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched 

to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of KYN, one-way ANOVA followed by 

Tukey’s multiple comparison test, P > 0.05, n.s. Data are expressed as mean ± SEM (n= 6 per group for KYN 

plasmatic levels) 
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(Figure 68) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

TRP levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched 

to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of TRP, one-way ANOVA followed by 

Tukey’s multiple comparison test ***P<0.001 standard diet VS n-3 poor; *P<0.05 n-3 poor VS n-3 poor 

switched to n-3 enriched Data are expressed as mean ± SEM (n = 5 per group for TRP expression)   
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(Figure 69) Effects of standard diet, n-3 poor diet and n-3 poor switched to n-3 enriched diet on the plasmatic 

MEL levels in female rats. Effect of standard diet (white bar), n-3 poor diet (grey bar) and n-3 poor switched 

to n-3 enriched diet (strip bar) on the protein’s levels. Quantification of MEL one-way ANOVA followed by 

Tukey’s multiple comparison test, **P<0.01 standard diet VS n-3 poor switched to n-3 enriched. Data are 

expressed as mean ± SEM (n= 8-10 per group for MEL expression) 

 

 

 

 

 

 

 

 



125 
 

Discussion 

 

The present study demonstrates that lifelong dietary n-3 PUFA deficiency in male and female 

rats results in the development of an anxiety-like behavioral phenotype during the adolescent 

period. Our findings corroborate those of human studies indicating a correlation between 

reduced n-3 PUFA levels in serum and elevated anxiety symptomology, including somatic 

anxiety [135]. The same outcomes were observed in adult male rats that were deprived of n-

3 PUFA from the early postnatal period until adulthood [136]. It would be beneficial to 

undertake further investigations into the characteristics of anxiety during the adolescent years, 

given the prevalence of anxiety disorders that emerge during this period and their association 

with an increased risk of developing anxiety disorders and major psychiatric comorbidities, 

with a gender-dependent impact [137]. It has been put forth that an analysis of the correlation 

between disease risk and n-3 PUFA levels may yield more accurate results if it considers the 

potential differences between men and women. Indeed, female rats exhibit elevated systemic 

levels of long-chain n-3 PUFA, mirroring the correlation seen in humans between these levels 

and female sex hormones. Conversely, testosterone is inversely correlated with these levels. 

The objective of this study was to corroborate behavioral findings with neurochemical data, 

with a specific focus on the quantification of NA and 5-HT levels within two crucial brain 

areas, namely the prefrontal cortex and the amygdala, which are known to be involved in the 

pathophysiology of anxiety disorders. The results demonstrated a lack of functional 

coordination between these two regions, which may underpin the disruption in goal-directed 

behavior observed in pathological conditions [138]. In contrast to the effects of dietary 

interventions, adolescent females exhibited elevated levels of  NA and decreased 5-HT in the 

cortex, in comparison to their male counterparts. In our experimental conditions, deficiency 

of n-3 PUFAs was associated with a reduction in 5-HT levels in male rats only. This finding 

corroborates our previous observations in young adult rats, where lifelong exposure to an n-

3 PUFA-deficient diet resulted in the emergence of depressive-like behavior, accompanied by 

decreased cortical 5-HT levels [118]. It is notable that cortical glutamate levels were elevated 

by n-3 PUFA deficiency in both male and female subjects. However, in female subjects, n-3 

PUFA deficiency resulted in a disruption of the excitatory/inhibitory balance, manifesting as 

hyperactivation in the prefrontal cortex. This was evidenced by the increased levels of GLU 
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and decreased levels of GABA, in comparison to animals that received balanced diets or diets 

enriched with n-3 PUFAs. It may be inferred from these findings that the observed events 

represent a sex-dependent response to stress-coping behavior in the adolescent period because 

of the identified hyperactivation of the HPA axis[34].  Furthermore, the role of the AMY in 

this dietary-induced anxiety paradigm was investigated, with consideration given to its 

prominent role in the control of stress-coping behavior and anxiety symptomatology. Our 

findings revealed an association between n-3 PUFA deficiency and an elevated 5-HT 

concentration, a phenomenon that was particularly evident in females. Indeed, evidence from 

previous studies indicates that the 5-HT neurotransmitter engages a neural circuit in the 

extended AMY that is associated with the experience of anxiety and fear [139]. It is important 

to note that only a cortical GLU and amygdalar NA diet enriched with n-3 PUFAs was 

observed in female subjects. However, this diet did not differ significantly from a balanced 

diet comprising n-6 and n-3 PUFAs, suggesting that maintaining an appropriate ratio of these 

fatty acids and incorporating n-3 supplements could be a beneficial dietary practice. The 

sustained stimulation of the HPA axis, which occurs because of inadequate consumption of 

n-3 PUFAs, results in a state of systemic inflammation and a range of adverse effects on mood 

regulation. An increase in HPA axis activation has been demonstrated to correlate with 

elevated levels of KYN production. Following the activation of TDO, which is predominantly 

located in the liver and in astrocytes and neurons, or of IDO-1, tryptophan can be metabolized 

into KYN. Subsequently, the enzyme kynurenine-3-monooxygenase (KMO) facilitates the 

conversion of KYN into the prooxidant and toxic 3-hydroxykynurenine (3-HKYN). Both 

IDO-1 and TDO are subject to positive modulation in the context of stress and inflammatory 

conditions [140]. It was observed that a lack of n-3 PUFAs resulted in elevated systemic levels 

of 3-H-KYN, with a concomitant rise in KYN levels, though only among the male subjects. 

This apparent discrepancy may be indicative of a disparate conversion rate for KYN to 3-H-

KYN in females. Indeed, the observed difference in the conversion of TRP into KYN or 3-H-

KYN in males and females may be attributed to variations in the conversion rate of n-3 or n-

6 PUFAs into long-chain derivatives, which are inversely associated with plasma 3-H-KYN. 

Human studies have demonstrated that there are differences in the ability of males and females 

to convert precursors into long-chain n-3 PUFAs, leading to elevated circulating DHA levels 

in women compared to men [141]. Our previous observations indicated that adolescent female 
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rats exposed to a deficiency in n-3 PUFAs exhibited an initial meta-inflammatory state, 

characterized by elevated levels of pro-inflammatory cytokines, such as IL 1β and IL-6. The 

increase in TNF-α occurred over a longer time frame and may indicate a potential age-

dependent effect [34]. The present study corroborates these findings in male rats, despite the 

observation that female rats tend to display elevated TNF-α levels under similar conditions. 

Furthermore, it was observed that only in the females, the dietary intake of n-3 PUFAs was 

associated with a reduction in TNF-α levels, thereby confirming the potent anti-inflammatory 

effect of these fatty acids in a sex-dependent manner. Finally, the aim was to evaluate the 

impact of n-3 PUFA deficiency on immune function in the spleen, given the established link 

between the immune system and KP and its association with social anxiety disorder [142]. In 

the present work, we found that the KTR measure, which is an effective indicator of IDO 

activation, demonstrated a significant increase in the spleen of both male and female 

adolescent rats subjected to n-3 PUFA deficiency. Furthermore, we observed that 3-H-KYN 

exhibited elevated levels in animals of both sexes, which corroborates the circulating plasma 

levels. High plasma 3-H-KYN levels have been documented in depressed patients, and the 

pro-oxidant effects of this molecule in the onset and progression of several pathologies have 

been postulated[143; 144]. Therefore, in the present rat model of diet-induced anxiety and, as 

previously demonstrated, a depressive-like phenotype, it can be postulated that increased 

systemic and splenic 3-H-KYN can subsequently reach the brain, resulting in disturbances 

that ultimately lead to brain damage and subsequent mood disorders. Indeed, our previous 

research has demonstrated that exposure to n-3 PUFA deficiency during adolescence is 

associated with increased hippocampal KYN levels in female rats. This periphery-to-brain 

axis has been recently termed the spleen-brain axis, and there is evidence to support its 

involvement in a wide range of neuropsychiatric conditions. This axis is bidirectional, as 

evidenced by the established connection between AMY and splenic function, as well as the 

control of adaptive immunity via neural pathways. Indeed, in this region, the activation of 

corticotropin-releasing hormone positive neurons has been shown to increase plasma cell 

formation in the spleen following immunization, while their silencing has been observed to 

elicit opposite effects[123; 145]. It has been demonstrated that exposure to n-3 PUFA and a 

poor diet may impede the connections, particularly in male adolescent rats. Our findings 

indicate that elevated levels of splenic NA are accompanied by increased ACh content. The 
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sympathetic nervous system plays an important role in regulating the release of acetylcholine 

(ACh) from the spleen, which in turn influences the immune and inflammatory response via 

bidirectional signaling from the vagus nerve. It can be demonstrated that the afferent arm is 

responsible for the regulation of pro-inflammatory signals originating from the spleen. 

Conversely, the afferent arm exerts opposing effects, stimulating the brain cholinergic anti-

inflammatory response and thereby inhibiting the release of TNF-α. The results demonstrated 

that in male rats, the increase in NA and ACh in the spleen was associated with a notable 

elevation in TNF-α levels. This indicates that the deficiency of n-3 PUFA shifted the 

cholinergic control towards a pro-inflammatory pattern. Additionally, the expression of IDO 

displayed contrasting outcomes between male and female rats, suggesting that a sustained 

elevation in 3-H-KYN may evoke a sex-dependent adaptation in immune organs [126]. The 

second experimental protocol was designed to assess the impact of chronic omega-3 

polyunsaturated fatty acid (PUFA) supplementation on a depressive behavior model that was 

induced by dietary omega-3 PUFA depletion. It is well documented that a diet poor in n-3 

PUFA from the time of conception until adulthood can induce depressive-like behavior in 

both male and female offspring. In particular, our findings indicate that these behavioral and 

biological outcomes become discernible during adolescence. Furthermore, our data suggest 

that the persistence of n-3 PUFA deficiency during adulthood exacerbates these outcomes. 

The aim of this study was to evaluate the effect of n-3 PUFA supplementation over an 8-week 

period on the functional deficits induced by n-3 PUFA deficiency. About behavioral outcomes, 

replenishment of the diet with n-3 PUFA was observed to reverse the depressive-like behavior 

evidenced in the forced swimming test. Administration of a diet rich in n-3 PUFA for an 8-

week period was found to reduce the frequency of immobility and increase the frequency of 

struggling at levels comparable to those observed in control animals. This behavioral outcome 

was also accompanied by neurochemical observations. Specifically, our findings suggest that 

restoring n-3 PUFA levels through dietary supplementation may enhance the levels of 5-HT 

and DA, which were diminished because of n-3 PUFA deficiency. The present study 

demonstrates that the reintroduction of n-3 PUFA through dietary supplementation can 

effectively reverse neurochemical abnormalities, including those observed in the PFC and 

hippocampus. These findings are particularly noteworthy given the critical role of these 

regions in mood regulation and the essential role of n-3 PUFA in their functioning. The PFC 
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is particularly susceptible to alterations in n-3 PUFA content, with the highest concentrations 

of these lipids observed in this region. A deficiency of DHA has been demonstrated in patients 

with affective disorders, resulting in a heightened vulnerability of PFC to neuronal atrophy. 

Additionally, the projections from the PFC to limbic areas, including the hippocampus, play 

a pivotal role in affective regulation, influencing the likelihood of developing recurrent 

affective disorders. The pivotal role of DHA in neurodevelopment is further substantiated by 

the evidence derived from the prefrontal area, wherein the concentration of this fatty acid 

exhibits a markedly exponential increase throughout the neurodevelopmental process[146]. 

The literature offers several proposed mechanisms for the beneficial effects of n-3 PUFA 

supplementation. One such possibility is that these effects may result from the antioxidant 

properties of n-3 PUFA. Our own research has previously demonstrated that an n-3 PUFA-

rich diet can reduce the pro-oxidant damage caused by the central administration of amyloid 

beta. Additionally, our findings demonstrated that a diet deficient in n-3 PUFA resulted in 

elevated amyloid beta oligomer release, suggesting the presence of a potential central 

inflammatory and pro-oxidant state. The administration of n-3 PUFA exhibited a partial 

reduction in oligomer formation under our experimental conditions, which is consistent with 

the clinical observations that demonstrated enhanced Aβ phagocytosis in mild cognitive 

impairment patients who received supplementation[147]. Furthermore, it has been 

demonstrated that n-3 PUFA facilitates the clearance of Aβ from the brain by modulating the 

function of the glymphatic system. The present study demonstrated that the reintegration of 

these fatty acids can only partially offset the deleterious impact triggered by their long-term 

deficiency in the diet, suggesting that these effects are not fully reversible. In vitro 

investigations have indicated that n-3 PUFA possess the capacity for direct interaction with 

both Aβ40 and Aβ42 peptides. This interaction is observed to limit their oligomerization and 

fibrillogenesis [148; 149]. In addition, it has been proposed that in the early stages of AD, the 

accumulation of Aβ may depend on the impairment of transport across the BBB. A correlation 

has been established between BBB breakdown and neuroinflammation. Our previous study 

demonstrated that n-3 PUFA deprivation is associated with a state of low-grade chronic 

inflammation, also known as sterile metabolic inflammation [150]. Our findings revealed that 

a deficiency in n-3 PUFAs resulted in elevated levels of plasmatic 5-HT and KTR, which are 

significantly elevated during immune activation. Despite the reduction in plasma level of 3-
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HKYN, a pro-oxidant KYN metabolite, n-3 PUFA replenishment was unable to reverse this 

detrimental effect. It is possible that a prolonged period of n-3 PUFA replenishment may prove 

to be more effective. In our experimental conditions, we did observe a reversal of BDNF and 

SYN cortical deficits, though oligomer formation remained unaltered. Notably, n-3 PUFA 

supplementation was found to significantly reduce cortical CAMKII expression, suggesting 

that these fatty acids may have a role to play in the maintenance of neuronal integrity. It has 

been shown that this kinase is involved in synaptic transmission and long-term potentiation. 

Its signaling cascade can be activated by BDNF. Consequently, n-3 PUFA can also activate 

this enzyme by modulating BDNF[151]. 
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Conclusion 

The data obtained from previous experiments and analyses indicates that a deficiency in n-3 

PUFAs in the diet is associated with a depressive-like phenotype. Additionally, this 

depressive-like phenotype is associated with dysfunction of monoaminergic systems and 

alterations in the levels of neurotrophins and synaptic markers, particularly in the PFC, an 

area that is highly susceptible to stress. Furthermore, such a dietary deficit has been linked to 

the development of psychiatric disorders, cognitive impairments, and behavioral alterations 

in both female and male rats during adulthood. 

The data demonstrate that an imbalance in n-6/n-3 polyunsaturated fatty acid (PUFAs) intake 

during a period of neurodevelopmental vulnerability can result in the manifestation of 

anxiety-like behaviors in adolescence. However, it is crucial to consider the differential 

occurrence of maladaptive immune activation between male and female subjects. Our study 

provides insights into the emerging spleen-brain axis with a sex-dependent perspective.  

The results of this study corroborate those of earlier investigations into the depression 

phenotype of rats with n-3 PUFAs deficiency in their diet. Furthermore, this study suggests 

that it may be possible to reverse the depressive and inflammatory state caused by n-3 PUFAs 

deficiency by reintroducing n-3 PUFAs during adolescence (8 weeks), until adulthood (16 

weeks) in female rats. The beneficial effect of the reintroduction of the fatty acids can be 

attributed to the elevated levels of cortical 5-HT, dopamine, and the expression of cortical 

synapsin, CaMKII, and BDNF. The only exceptions were PSD-95 and neurotrophin-3 (NGF), 

whose levels in the N-3 PUFA-enriched rats exhibited an increase in comparison with the 

group associated with the switched diet. Elevated levels of NA have been observed in rodents 

with low levels of n-3 PUFAs. This is believed to be the result of the activation of the HPA 

axis, leading to increased stress and inflammation. These changes are associated with anxiety 

and depressive behavior. The data were collected from a specific region of the brain, the 

prefrontal cortex, which is particularly vulnerable to stress. In neurodegenerative disorders 

and depression, dysfunction and alteration of the PFC has been observed. The normal 

functions of the PFC are diverse and include cognition, emotions, behavioral regulation and 

the control of thoughts. Considering our findings, it can be surmised that the incorporation of 

n-3 PUFA into one's diet is highly advantageous for optimal neurological function. 
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Furthermore, it has been demonstrated that this supplementation can mitigate the adverse 

effects of prolonged dietary deficiencies in these essential fatty acids. However, it is 

imperative to emphasize that close attention should be paid to the n-3 PUFA composition of 

the maternal diet and postnatal nutrition, as certain neurotoxic effects may not be fully 

reversible. It can thus be concluded that an imbalance in the n-6/n-3 polyunsaturated fatty acid 

ratio during crucial developmental stages, which are particularly vulnerable to alteration and 

PUFA deficit (such as the stages associated with neurodevelopment), can predispose 

individuals to depressive and anxious phenotypes as early as adolescence. Furthermore, given 

the impact of gender-specific factors, including inflammation, hormonal fluctuations and 

modulation, it is vital to acknowledge the differences between males and females when 

modelling depression. In conclusion, the study highlights the potential therapeutic value of 

reintroducing n-3 PUFA into the diet. As evidenced by the partial reversal of the depressive 

phenotype in female rats following eight weeks of nutritional deficiency and dietary 

reintroduction of n-3 PUFA, this approach has the potential to inform future therapeutic 

strategies for depression. 
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