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1. Introduction 

 

1.1 The Endocannabinoidome and the Endocannabinoid System 

The endocannabinoidome is an expanded concept of the classical endocannabinoid system 

(ECS). While the ECS traditionally includes endocannabinoids (lipid-based signaling 

molecules like anandamide and 2-AG), Cannabinoid receptors (CB1 and CB2), Enzymes that 

synthesize and degrade endocannabinoids, the endocannabinoidome goes further. It 

encompasses: Additional lipid mediators beyond classical endocannabinoids (e.g., N-

acylethanolamines, monoacylglycerols). A broader set of receptors, including: Cannabinoid 

receptors (CB1, CB2), Non-cannabinoid receptors (TRPV1, PPARs, GPR55, GPR119, etc.). 

Metabolic enzymes involved in the synthesis and degradation of these mediators. Interactions 

with other signaling systems, such as the gut microbiome and immune pathways. 

Essentially, the endocannabinoidome represents a complex lipid signaling network that 

influences numerous physiological processes, including appetite, metabolism, inflammation, 

and gut-brain communication. It is considered a key player in maintaining homeostasis and is 

a major target for therapeutic research (Simankowicz and Stępniewska et al., 2025)1 

From a physiological point of view, the endocannabinoidome plays a crucial role in the control 

of numerous processes: it contributes to the modulation of movement and motor coordination, 

participates in the maintenance of energy homeostasis and the regulation of nutrition, 

intervenes in higher cognitive functions (learning, memory, attention), in the perception and 

modulation of pain, in sexual behavior, in the protection of neurons from toxic damage or 

ischemic, in the regulation of immune system responses and in the balance of endocrine 

functions (Șerban et al., 2025)2 . In many of these functions, the endocannabinoid system acts 

as a "fine tuning" mechanism, i.e. a dynamic adjustment system that is recruited in response to 

changes in the internal and external environment, thus contributing to the maintenance of the 

body's physiological balance. 

 

1.2 Cannabinoid Receptors  

 

Cannabinoid receptors (CBs) are classified within the large family of metabotropic G-

protein-coupled receptors (GPCRs) and share a typical structural architecture with them. 

https://pubmed.ncbi.nlm.nih.gov/?term=%C8%98erban+M&cauthor_id=41303613
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They consist of a single polypeptide chain that crosses the plasma membrane forming 

seven transmembrane α-helix domains; the amino end (N-terminal) is oriented towards 

the extracellular environment, while the carboxyl end (C-terminal) is oriented towards 

the cytoplasm. The loop segments connecting the transmembrane helices comprise three 

extracellular moieties, which together with the Nterminal host sites crucial for 

glycosylation and ligand interaction, and three intracellular moieties, which contain 

regulatory domains responsible for binding to G protein subunits. On the basis of 

pharmacological and tissue distribution characteristics, two main receptor subtypes have 

been distinguished: the CB1 receptor and the CB2 receptor. 

The CB1 receptor was first identified as a cannabinoid-specific binding site in the late 

1980s by Devane et al. (Devane et al., 1988)3 and, a few years later, its cDNA was cloned, 

allowing a detailed description of it in both rats (Matsuda et al., 1990)4 and humans 

(Gérard et al.,  1991)5. CB1 represents one of the most abundant GPCRs in the 

mammalian central nervous system, as demonstrated by autoradiographic, 

immunohistochemical and in situ hybridization studies, which have shown a high 

expression in numerous brain areas: olfactory bulb, cerebellum, hippocampus, basal 

ganglia, cerebral cortex, amygdala and hypothalamus (Zou e Kumar et al., 2018; Zhao et 

al., 2024)6,7. In more recent times, the presence of CB1 has also been documented on 

non-neuronal cells, such as astrocytes, and on postsynaptic compartments of specific 

neuronal populations, although its prevalent location remains the presynaptic 

termination, in line with the neuromodulatory role that this receptor plays on synaptic 

transmission. (Lutz et al., 2020; Saenz et al., 2025)8,9. 

In addition to the central nervous system, CB1 is also expressed in the peripheral nervous 

system and in numerous organs and tissues, such as the immune system, the 

gastrointestinal tract, several endocrine glands, the heart, the reproductive system, the 

bone marrow and the tonsils (Lu and Mackie et al., 2016)10. At the molecular level, CB1 

can form homodimeric or heterodimeric complexes with other GPCR receptors, which 

contributes to modulating the specificity and intensity of the signaling response ( Köfalvi 

et al., 2020; Navarro et al., 2025)11,12. Signal transduction occurs mainly through 

coupling with Gi/o proteins: the activation of these proteins leads to an inhibition of 

adenylate cyclase, resulting in a reduction in intracellular levels of cyclic AMP (cAMP) 

and transient blockade of protein kinase A (PKA) activation (Kumar et al., 2019; 

Al-Zoubi et al., 2019; Yang et al., 2024; Gonzáles-Mariscal et al., 2018)13–16. Moreover, 



4 

 

CB1 is able to activate MAP kinase pathways and modulate the activity of several ion 

channels, including potassium channels and N- and P/Q-type voltage-gated calcium 

channels, thereby (Andersen et al., 2024; Sitzia et al., 2022; Navarro et al., 2025)12,17,18. 

It was also observed that CB1 can interact with different classes of G proteins, such as 

Gq/11 and Gs, thus expanding the spectrum of possible intracellular outcomes. Such 

versatility could contribute to fine control of cellular excitability, resulting in a biphasic, 

excitatory or inhibitory response, depending on the cellular context and receptor 

activation patterns. In line with this complexity of signaling mechanisms and its wide 

distribution, the CB1 receptor participates in the regulation of numerous physiological 

processes: motor coordination and movement, attention, higher cognitive functions 

(learning, memory, emotion processing), modulation of nociception, energy balance and 

control of eating behavior (Pagotto et al., 2006)15. A particularly relevant role is attributed 

to CB1 in the maintenance of homeostasis, both at the central and peripheral level, where 

it contributes to the adaptive response to stressful stimuli and changes in the cellular 

microenvironment (Tansey et al., 2025)22. 

The CB2 receptor, identified in 1993 by Munro and colleagues, shares important 

structural similarities and some aspects of the signaling cascade with CB1, but is clearly 

distinguished by its pattern of tissue expression (Munro et al., 1993)23. CB2 shows, in 

fact, a high and widespread localization at the peripheral level, while in the central 

nervous system its expression is lower but still present extensively in specific neuronal 

populations, in microglia and astrocytes (Grabon et al., 2023; De Martin Esteban et al., 

2022)24,25. In the periphery, CB2 is particularly abundant in immune system cells, such 

as monocytes, macrophages, B and T lymphocytes, where it plays a key role in 

modulating inflammatory responses, regulating the release of proinflammatory cytokines 

and mediators involved in angiogenesis and lymphangiogenesis processes (Maia et 

al.,2023) 

CB2 expression has also been documented in various immune-related districts, such as 

the spleen, tonsils, thymus, hematopoietic bone tissue, and keratinocytes, suggesting 

widespread involvement in the regulation of both innate and adaptive immunity ( Ferranti 

et al., 2022; Turcotte et al., 2016)26,27. Further studies have also highlighted the presence 

of CB2 in the pancreas and gastrointestinal tract, where its activation seems to contribute 

to the modulation of local metabolic and inflammatory processes (Lima et al., 2022)28. 

Similarly to CB1, CB2 also exerts its action mainly through the activation of Gi and Go 
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proteins, resulting in a decrease in cAMP levels and influencing the activity of voltage-

gated calcium channels (Saroz et al., 2019). Although the precise effects of CB2 

activation in the central nervous system have not yet been fully elucidated, experimental 

evidence suggests a possible involvement of this receptor in the modulation of behavioral 

disorders and vulnerability to substance abuse addiction (Navarrete et al., 2021)29. 

The body of data accumulated since their discovery to date identifies CB1 and CB2 as 

the main mediators of the physiological effects of the endocannabinoid system. However, 

in recent years the hypothesis has emerged, supported by a growing number of studies, 

that other non-canonical receptors may also contribute to the regulation of 

endocannabinoidergic processes. In this context, the GPR55 receptor, in the past defined 

as an "orphan receptor" as it lacks a known endogenous ligand, has been proposed as a 

possible new cannabinoid receptor (Balenga et al., 2011; Lauckner et al., 2008; Ryberg 

et al., 2007)30–32. GPR55 also belongs to the GPCR family and is expressed in different 

regions of the central nervous system, as well as in various peripheral districts, where it 

seems to participate in the regulation of lipid metabolism and vascular functions. 

Lysophosphatidylinositol has been identified as the main endogenous ligand of GPR55 

(Oka et al., 2007)33; however, this receptor can also be activated by Δ9THC and some 

synthetic agonists, including CB1 inverse agonists, suggesting a functional interaction 

with classical cannabinoidergic signaling. Activation of GPR55 induces a number of 

intracellular responses, including the release of Ca2+ ions from intracellular stores, 

modulation of the activity of several protein kinases, and increased expression of specific 

transcription factors, with possible repercussions on processes such as cell proliferation, 

migration, and inflammatory response (Marichal-Cancinoa et al., 2017)34. 
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Figure 1. Distribution of cannabinoid receptors CB1 and CB2 in the human body. 

Figure adapted from GenoneEleven, “Il sistema endocannabinoide e i recettori CB1 e 

CB2”35 
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Figure 2.  The endocannabinoids, their congeners and the various long-chain fatty acid 

amides often share inactivating enzymes, although these enzymes have different 

substrate selectivity. 5-HT, 5-hydroxytryptamine; Alt4, splicing variant 4 of the FP 

receptor; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarin; COMT, 

catechol O-methyltransferase; DHEA, N-docosahexaenoyl-ethanolamine; GDE1, 

glycerophosphodiester phosphodiesterase 1; lyso-PLD, lysophospholipase D; MAGK, 

monoacylglycerol kinase; NAPE-PLD, N-acyl-phosphatidylethanolamine-specific 

phospholipase D; PAM, peptidyl-glycine α-amidating monooxygenase; P2Y6, P2Y 

purinoceptor 6; PG, prostaglandin; PLA, phospholipase A; PLC, phospholipase C. 

Figure adapted from Cristino et al., 2020 36 

 

1.3 Endocannabinoids 

 

The identification of CB receptors, driven by intense scientific interest in understanding 

the mechanisms of action of cannabis, has stimulated the search for endogenous 
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molecules capable of binding to these receptors in a similar way to Δ9THC. In this 

context, in 1992 Devane and collaborators isolated, from pig brain extracts, a lipid 

molecule identified as arachidonic acid amide (N-arachidonoylethanolamine ), later 

named anandamide (AEA), from the Sanskrit term "ananda", meaning "bliss" or "state 

of grace" (Devane et al., 1992)37. AEA showed a high affinity for CB receptors and was 

able to reproduce several behavioral effects induced by Δ9THC, thus configuring itself 

as the first endogenous cannabinoid ligand. A few years later, Mechoulam and 

colleagues, on the one hand, and Sugiura and collaborators, on the other, isolated a 

second lipid ligand, 2arachidonoylglycerol (2-AG), from the dog intestine and rat brain, 

which was quickly recognized as another important endocannabinoid (Mechoulam et al., 

1995; Sugiura et al., 1995; Tansey et al., 2025)22,38,39. 

With the characterization of AEA and 2-AG, the class of endogenous cannabinoids, or 

endocannabinoids, was defined. Subsequent studies have expanded this group to include 

several other compounds identified at the beginning of the new millennium, including 

2arachidonoylglyceryletheter (2-AGE or noladineter), oarachidonoylethanolamine 

(virodamine) and narachidonoyldopamine (NADA), all capable of interacting with CB 

receptors, although AEA and 2-AG remain the most studied endogenous ligands with the 

best defined physiological role (Hanus et al.,  2001; Porter et al., 2002; Huang et al., 

2002; Sumanakowicz et al., 2025)1,40–42. 

Alongside the "classic" endocannabinoids, there are other endogenous molecules that, 

although not considered endocannabinoids in the strict sense, share structural and 

functional similarities with AEAs that place them in the context of the endocannabinoid 

system. These are N-acilethanolamines (NAEs), a group of compounds congeners of 

anandamide, with which they share some biosynthetic and degradative pathways. Among 

the most representative NAEs are palmitoylethanolamine (PEA) and oleylethanolamine 

(OEA), whose effects – including some endocannabinoid effects – are not directly 

mediated by CB receptors, but are mainly attributable to the activation of nuclear 

receptors PPAR (peroxisome proliferatoractivated receptors) and an "entourage" effect 

on the endocannabinoid system itself, enhancing the activity of endocannabinoids 

without acting as direct ligands of CB receptors  (Iannotti and Vitale et al., 2021; Di 

Stefano et al., 2025)43,44 
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Figure 3. Structural formulas of the main endocannabinoids, highlighting the presence 

of the arachidonyl group and the different polar heads that determine their chemical-

physical properties and receptor interaction profiles. 

 

1.4 Metabolism 

 

Endocannabinoids are considered real neurotransmitters, but they have peculiar 

characteristics that distinguish them from "classic" neurotransmitters. While respecting 

the fundamental criteria of the latter such as synthesis at the neuronal level, release in 

response to an appropriate stimulus, specific action on target receptors, removal by 

reuptake and subsequent degradation; Their lipid nature means that they are not stored in 

synaptic vesicles or released via conventional exocytosis. In contrast, endocannabinoids 

are produced "on demand" from lipid precursors located in the plasma membrane, and 

are rapidly released into the extracellular space immediately after their synthesis. (Alger 
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et al., 2011)45. 

A further peculiarity concerns the release site: endocannabinoids are generated and 

released mainly at the level of the postsynaptic terminal following specific physiological 

stimuli, such as the depolarization of the postsynaptic membrane and the consequent 

increase in intracellular Ca2+. Once released, they diffuse retrograde to the presynaptic 

termination, where they bind to cannabinoid receptors expressed on the presynaptic 

membrane, thereby modulating the release of neurotransmitters and playing a key role in 

the fine regulation of synaptic transmission. (Cristino et al., 2020)36. 

 

 

Figure 4. Retrograde neurotransmission of endocannabinoids.  

Left: The role of endocannabinoid retrograde signaling in short-term plasticity, known 

as depolarization-induced suppression of excitation (DSE) or depolarization-induced 

suppression of inhibition (DSI). Two events can induce production of the 

endocannabinoid 2-arachidonoyl glycerol (2-AG). Postsynaptic step depolarization or an 

action potential induces Ca2+ influx via voltage-gated Ca2+ channels (stimulus 1) that is 

amplified by metabotropic receptor-induced intracellular Ca2+ release. Alternatively, 

brief tetanic stimulation of excitatory afferents (stimulus 2) leads to glutamate release, 

which stimulates the metabotropic glutamate receptor (mGluR5), thereby initiating 2-AG 
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biosynthesis. AMPA receptor activation can contribute to this effect. Other Gq/11-coupled 

receptors can also activate phospholipase C (PLC) and diacylglycerol lipase (DAGL), 

which are required for synthesis of 2-AG, and induce inositol-trisphosphate (IP3) 

production that causes intracellular calcium mobilization. 2-AG activates the presynaptic 

cannabinoid receptor 1 (CB1), leading to depression of neurotransmitter release. Right: 

transmission electron micrograph (L.C., unpublished observations) of the tripartite 

synapse that shows DAGLα immunogold labelling (arrows) at the postsynaptic 

membrane of an active zone receiving a symmetrical synapse from a putative inhibitory 

neuron (orange) and enveloped by astroglial processes (green). DAG, sn-1 acyl-2-

arachidonoyl-glycerol; GPR, G protein-coupled receptor. Figure adapted from Cristino 

et al., 2020 36 

  

 1.5 Mechanism of Action  

 

Endocannabinoids act as local paracrine mediators, exerting their function by binding to 

CB receptors expressed on cells near the release site. Anandamide, Noladineter and 

Narachidonoyldopamine show greater functional selectivity for the CB1 receptor, while 

virodamine seems to prefer the CB2 receptor; 2-AG, on the other hand, has a comparable 

potency on both receptor subtypes. CB receptors, being coupled to G proteins, activate 

the typical intracellular signaling processes associated with this type of receptor: among 

the main effects are the inhibition of adenylate cyclase, with reduction of the 

cAMP/protein kinase A cascade, the activation of mitogen activated protein kinases 

(MAPK), the inhibition of voltage-gated calcium channels of type N and P/Q, the 

stimulation of potassium channels TASK1 and the activation of phosphatidylinositol 

3kinase,  resulting in intracellular calcium mobilization (Ye et al., 2019)46. 

In the central nervous system, the high concentration of endocannabinoids and their 

receptors at the GABAergic and glutamatergic synapses indicates a central role in the 

activity-dependent modulation of synaptic transmission. The mechanism is peculiar: 

endocannabinoids are produced in the postsynaptic neuron and, once released, diffuse 

retrograde to the presynaptic termination, where they activate CB1, resulting in a 

temporary reduction in the release of GABA or glutamate. Prolonged excitation of the 

presynaptic neuron induces a depolarization of the postsynaptic neuron; Through the 
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opening of voltage-gated calcium channels and the activation of metabotropic receptors, 

the enzymes responsible for the synthesis of endocannabinoids from membrane lipid 

precursors are activated. The newly formed endocannabinoid, thanks to its lipophilicity, 

rapidly crosses the postsynaptic membrane, diffuses into the synaptic space, and reaches 

CB1 on the presynaptic side (Alger et al., 2011)45. 

The activation of CB1, endowed with 7 transmembrane domains and coupled to G 

proteins, leads to the dissociation of the β and γ subunits, which directly inhibit the entry 

of Ca2+ and reduce the release of calcium-dependent neurotransmitters. When this 

mechanism occurs in GABAergic synapses, it results in a reduction in GABA-mediated 

inhibition; this phenomenon, initially described by Llano and Pitler, is known as 

"depolarization induced suppression of inhibition" (DSI) (Llano et al., 1991; Pitler et al., 

1992)47,48. If, on the other hand, it occurs at the level of glutamatergic synapses, a 

decrease in excitatory transmission mediated by glutamate, called "depolarization 

induced suppression of excitation" (DSE), is observed (Bevan et al., 2002)49. In the long 

term, endocannabinoidergic modulation of presynaptic release can influence long-term 

potentiation (LTP), a fundamental process for synapse remodelling and consolidation: 

the reduction of excitatory glutamatergic transmission tends to hinder the establishment 

of LTP, while the decrease of GABAergic inhibitory transmission can facilitate its 

induction (Diana et al., 2014)50. 

In addition to the action mediated by CB1 and CB2 receptors, more recent evidence 

shows that endocannabinoids can exert cannabinoidergic effects via other targets. Some 

neurobehavioral effects of anandamide are not completely abolished by selective CB1 

antagonists and persist in CB1 (CB1/) knockout mouse models, suggesting the 

involvement of alternative receptors (Cristino et al., 2020)36. In particular, AEA is able 

to activate the vanilloid receptor TRPV1, inducing Ca2+ ingress and depolarization, 

effects that contribute, among other things, to the vasodilating action of anandamide 

(Muller et al., 2020)51. In addition, endocannabinoids can interact directly with several 

ion channels, particularly calcium and potassium channels, adding additional layers of 

regulation to their action on neuronal tone and synaptic transmission. 

 

1.6 Effects of Endocannabinoids on the Central Nervous System 

 



13 

 

The extremely wide distribution of CB1 receptors in the central nervous system and in 

numerous peripheral districts testifies to the involvement of the endocannabinoid system 

in a wide range of physiological processes, which are not limited to the sole modulation 

of synaptic transmission. In fact, it contributes to the control of synaptic plasticity 

mechanisms, the regulation of motor activity and eating behavior, learning and memory 

processes, as well as the modulation of nociception, thermoregulation and emetic 

reflexes, as well as exerting a significant role in the regulation of immune responses, 

cardiovascular and endocrine functions and in the critical phases of brain development. 

(Alger and Kim et al., 2011)45 

The complexity of these functions derives to a large extent from the "fine modulator" 

nature of the endocannabinoid system, which operates predominantly as a negative 

feedback system on demand, being recruited under conditions of increased neuronal 

activity or perturbation of homeostasis.  

 

1.7 Endocannabinoids and Appetite Control 

 

The control of appetite and energy balance is the result of a complex integration of central 

and peripheral signals, which converge on specific hypothalamic and mesolimbic 

circuits. Among the neuromodulation systems most involved in this process, the 

endocannabinoid (ECS) system occupies a prominent position. A growing number of 

experimental evidences indicate that the ECS contributes significantly to the control of 

energy balance and the modulation of eating behavior, acting through both central and 

peripheral mechanisms (Bisogno et al., 1999)52. ECS receptors are particularly abundant 

in the central nervous system, particularly in the hypothalamus and mesolimbic system, 

key regions for regulating food intake and the hedonic value of food. 

Pharmacological manipulation of the ECS confirms its orexigenic role. The 

administration of exogenous cannabinoids such as Δ⁹tetrahydrocannabinol (THC) or 

synthetic agonists of CB1 receptors, such as CP55,940 and WIN55,2122, results in an 

increase in food intake in both humans and animal models (Hollister, 1971; Koch et al., 

2001; Hart et al., 2002; Cota et al., 2003)53–56. Conversely, the use of CB1 antagonists or 

reverse agonists, such as rimonabant or AM251, is associated with a reduction in intake, 

often more pronounced for highly palatable foods, and a loss of body weight (Carai et 
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al., 2006)57. These data are corroborated by genetic studies: CB1 knockout mice 

(CB1KO) exhibit a phenotype characterized by thinness and reduced food intake, 

indicating that CB1 expression and functional activity are determinants of normal feeding 

behavior (Wiley et al., 2005)58. 

One of the most interesting aspects of the ECS is its ability to respond dynamically to 

nutritional status, so its mediators are particularly suitable for reflecting fasting or satiety 

conditions. AEA and 2-AG levels have been shown to increase significantly in the 

hypothalamus and nucleus accumbens under fasting conditions to return to baseline 

values after refeeding, without undergoing major changes in other areas not directly 

involved in food intake control (Kirkham et al., 2002)59. These oscillations suggest that 

the ECS participates in the regulation of appetite both at the homeostatic level, 

responding to the body's energy state, and at the hedonic level, modulating the reward 

value associated with foods, especially the most palatable ones. 

Receptor localization studies have shown a distribution of CB1 in the hypothalamus that 

allows a direct modulation of neurons expressing orexigenic and anorexigenic 

neuropeptides. It has been reported, for example, that CB1 receptor mRNA is co-

expressed with transcripts encoding CRH, CART, MCH, and preproorexin (OX), 

suggesting a close interaction between endocannabinoid signaling and neuropeptidergic 

networks key to appetite control (Cota et al., 2003)56. In an ex vivo model of murine 

hypothalamic explantation, AEA and the CB1 agonist CP55,940 significantly increase 

neuropeptide Y (NPY) release, while AM251, a CB1 antagonist, blocks its effect. In 

addition, AM251 alone is able to reduce the basal release of NPY, confirming that the 

ECS is tonically involved in the regulation of this orexigenic peptide (Gamber et al., 

2005)60. Similarly, rimonabant is able to prevent hyperphagia induced by central NPY 

administration, while the stimulating effect of NPY on food intake is absent in CB1KO 

mice (Poncelet et al., 2003)61. These data place the ECS on a par with other peptidergic 

signals in the regulation of appetite. 

The ECS also interacts with peripheral hormones involved in appetite regulation, such as 

ghrelin and leptin. In fasting rats, rimonabant significantly reduces the increase in plasma 

ghrelin levels; in experimental models, ghrelin inhibits excitatory inputs in the 

paraventricular nucleus of the hypothalamus (PVN) through a mechanism that requires 

the integrity of endocannabinoid signaling, since the effect is abolished by AM251 or 

inhibition of endocannabinoid synthesis (Cani et al., 2004)62. In addition, both THC and 
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ghrelin increase AMPdependent protein kinase (AMPK) activity in the hypothalamus of 

wildtype mice but not in CB1KOs, indicating that the hyperphagic effect of these stimuli 

requires a functionally intact ECS (Tucci et al., 2004)63. Conversely, acute leptin 

treatments reduce hypothalamic endocannabinoid levels, while in obese leptin-resistant 

models these levels are chronically elevated (Di Marzo et al., 2001)64, suggesting that an 

ECS imbalance may contribute to pathological hyperphagia. 

 

1.8 The Gut Microbiota 

 

The gut microbiota, a complex ecosystem consisting of over 10¹⁴ bacteria belonging to 

hundreds of different species, colonizes the gastrointestinal tract and has a genetic 

heritage – the microbiome – about 150 times higher than that of humans (Bäckhed et al., 

2007; Turnbaugh et al., 2006)65,66. Commensal bacteria not only facilitate digestion and 

nutrient absorption, but produce essential metabolites, including SCFAs such as acetate 

(C2), propionate (C3), and butyrate (C4), generated by fermentation of non-digestible 

carbohydrates (Cummings et al., 1987; Jenkins et al., 1998)67,68. These metabolites 

modulate intestinal pH, inhibit colonization by pathogens, provide energy to enterocytes, 

and influence the development and function of the immune system (Ley et al., 2006)69. 

The production of SCFAs is closely linked to the composition of the microbiota and the 

diet of the host. Studies in obese mouse models have shown increased levels of acetate 

and butyrate compared to lean subjects, suggesting a direct role in the greater efficiency 

of energy extraction from the diet (Turnbaugh et al., 2006)66. In addition, dietary 

alterations, such as a high intake of fats and sugars, change the microbial composition by 

increasing Firmicutes at the expense of Bacteroidetes, while diets rich in polyunsaturated 

fatty acids and fiber favor beneficial bacteria such as Bifidobacterium and Roseburia, 

associated with positive metabolic effects (Arpaia et al., 2013; Vieira et al., 2017; Sun et 

al., 2018)70–72. 

In addition to energy metabolism, the microbiota exerts a direct influence on eating 

behavior. SCFAs, and in particular acetate, can enter the circulation and reach the 

hypothalamus, where they modulate the activity of orexinergic neurons, interacting with 

lipid signaling pathways such as the endocannabinoidome and regulating neuronal 

excitability and the profile of local lipid mediators (Kelly et al., 2015; Kim et al., 



16 

 

2016)73,74. Studies on germ-free models and fecal transplants confirm that the 

composition of the microbiota determines both energy accumulation and behavioral 

responses to food stimuli, suggesting a critical role of this gut-brain axis in the regulation 

of hunger, satiety and energy balance (Ridaura et al., 2013; Vrieze et al., 2012)75,76. 

These evidences outline a picture in which the microbiota, through the production of 

SCFAs and the modulation of hypothalamic circuits, becomes a central player in the 

integrated regulation of metabolism and eating behavior 

 

 1.9 Microbiota-Endocannabinoidome-Gut Axis 

 

The gut microbiota is able to interact with the host through various intra- and inter-

cellular signaling pathways. Among these, the intestinal endocannabinoidome is based 

on the use of endocannabinoids or endocannabinoid-like molecules, i.e. lipid signals of 

an endogenous nature derived from fatty acids (Di Marzo et al., 2018)77. This connection 

emerged following the treatment of mouse models with pre- and probiotics that caused 

alterations in host eCB levels (Piscitelli et al., 2011)78. In addition, some commensal 

bacteria produce metabolites similar to endocannabinoids, with which they also often 

share receptors and metabolic enzymes; could in fact be considered as part of this group 

(Cohen et al., 2017)79. Studies show that GF mice differ dramatically from 

conventionally bred (CR) mice in the expression levels of receptors, enzymes, and 

intestinal concentrations of eCBome mediators. Most of these alterations were remedied, 

after only one week, following the transfer of the fecal microbiota from CR to GF mice; 

thus highlighting the crucial importance of commensal microorganisms in the direct 

control of intestinal eCBome signaling. We can therefore say that the microbiota-

eCBome interaction seems to have a particular impact on CB1, PPARα and GPR55 

signaling. Conversely, genetic or pharmacological inactivation of biosynthesis or action 

of eCBome mediators has been shown to have influenced gut microbial composition and 

host metabolic response to high-fat diets (Mehrpouya-Bahrami et al., 2017; Everard et 

al., 2019; Geurts et al., 2015; Song et al 2017)80–83.  Further evidence is offered by a study 

in mice fed with diet obesogenic diseases, characterized by the blockade of CB1 activity, 

which inhibited the development of obesity, improved glucose homeostasis and intestinal 

permeability by lowering circulating levels of LPS and inflammatory cytokines; leading, 
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in parallel, also to the increase of Akkermansia muciniphila and the decrease of 

Lachnospiraceae in the intestine (Mehrpouya-Bahrami et al., 2017)80. Studies in the 

laboratory of Muccioli and collaborators have shown that CB1 agonism in wild-type mice 

increases intestinal permeability, while CB1 antagonism partially preserves the integrity 

of the tight junction in the intestinal epithelium thus reducing plasma levels of 

lipopolysaccharide (LPS), a structural macromolecule, a characteristic component of the 

outer membrane of Gram-negative bacteria, is considered one of the main molecular 

mediators of the interaction microbiota-host (Cani et al., 2016)62. LPS appears to have a 

close relationship with the endocannabinoid system, being able to modulate the levels of 

AEA and 2-AG, the main ligands of CB1 receptors, widely distributed in the intestinal 

wall (Wright et al., 2005)84. A further role of CB1 receptors in the intestine concerns the 

permeability of the enteric barrier. This seems to depend on the portion of the intestine 

in which these receptors are expressed (Alhouayek et al., 2012)85. It is precisely changes 

in the tone of the eCBs that can restore normal intestinal permeability. As in 

physiological conditions, LPS remains confined to the intestinal lumen and its passage 

into the systemic circulation is limited by the integrity of the latter; however, in 

conditions of dysbiosis or increased intestinal permeability, LPS can cross the epithelium 

and reach the bloodstream, resulting in a condition called metabolic endotoxemia (Cani 

et al., 2008; Membrez et al., 2008; Cani et al., 2019)86–88. Related results were obtained 

by blocking CB1 receptors in obese mice, which improved the function of the intestinal 

barrier by increasing the expression of proteins responsible for the formation of tight 

junctions (Muccioli et al., 2010; Cani et al., 2007)89,90. By virtue of this, given that obesity 

is commonly characterized by increased eCB tone, higher plasma LPS levels, an altered 

gut microbiota and metabolic dysfunction of adipose tissue, it is likely that all these 

changes may be triggered mainly by an alteration of the eCB system (Ridaura V.K. et al.,  

2013; Erny et al., 2015)75,91. In another study, Mehrpouya-Bahrami and collaborators 

showed that CB1 antagonism in mice made obese by HFD counteracts dysbiosis and 

reduces LPS levels, thus helping to counteract the obese phenotype. Wanting to deepen 

the above, studies show that the concentration of AEA, both in the ileum and in the 

plasma, and of 2-AG, in the plasma, as well as the alterations in several other NAEs and 

2-acylglycerols that have been reported with both the high-fat and sucrose diet (HFHS) 

are inversely correlated with the abundance of metabolically beneficial intestinal 

commensal microorganisms.  such as Akkermanisa, Barnesiella, Eubacterium, 
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Adlercreutzia and Propionibacterium spp, in some cases regardless of changes in body 

weight. This study revealed the existence of interactions between the eCBome and 

different gut bacterial species during dysmetabolic events with potential impact on a 

host's ability to adapt to increased fat and sucrose intake. Therefore, a diet-microbiota-

andCBoe loop influences intestinal permeability and systemic inflammation in opposite 

ways, obesogenic diets create a vicious circle leading to an increase in endotoxemia and 

metabolic diseases (Jourdan et al., 2017)92, otherwise the consumption of diets associated 

with prebiotic fibers creates a virtuous circle, which reduces intestinal permeability, 

metabolic endotoxemia and systemic inflammation. 

 In this scenario the protagonist of our study is placed, acetate, which produced in the 

intestine and introduced into the circulation, reaches the hypothalamus, where it can be 

picked up by the neurons of the lateral hypothalamus. Here, in addition to being used as 

an energy substrate, acetate could intervene on cellular metabolism and lipid signaling 

pathways, including the endocannabinoidome, by modulating the excitability of 

orexinergic neurons and the profile of local lipid mediators. The following chapters of 

this paper explain the experimental results obtained, illustrating how this hypothesis is 

verified through a combination of behavioral studies, neuronal activation analysis, 

electrophysiological recordings and measurements of hypothalamic lipid mediators 

 

1.10 Aim of the Thesis 

 

The overarching aim of this PhD thesis is to investigate the role of the endocannabinoids 

and food-derived endocannabinoid-like molecules in the regulation of neuronal networks 

and behavior, with particular emphasis on how metabolic, environmental, and sensory 

signals are translated into changes in neuronal excitability, synaptic plasticity, and 

complex behavioral output. In this framework, the endocannabinoidome is conceived not 

as an isolated neuromodulatory system, but as a molecular and circuit-level platform that 

integrates information arising from the gut microbiota, diet  and photic input to shape the 

functional organization of hypothalamic, mesolimbic, and hippocampal circuits. 

To this purpose, the initial phase of the project was designed to extend this perspective 

to the domain of food reward and obesity, by investigating how olive oil–derived 

endocannabinoid-like mediators, in particular oleoylglycine (OlGly) and oleoylalanine 
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(OlAla), modulate the reinforcing properties of highly palatable food and the 

susceptibility to diet-induced obesity. Through the integration of conditioned place 

preference paradigms (CPP), in vitro electrophysiology of ventral tegmental area 

dopaminergic neurons, targeted lipidomics, and gut microbiota profiling, this Task aimed 

to define an olive oil–eCBome–PPAR–brain–microbiota axis as an endogenous brake on 

palatable food–induced reward and body weight gain (Task I – Olive oil-derived 

endocannabinoid-like mediators inhibit palatable food-induced reward and obesity). 

Subsequently, the second part of the project was devoted to dissecting how a microbiota-

derived short-chain fatty acid, namely acetate, can influence hypothalamic circuits 

involved in energy balance and feeding. By focusing on orexin/hypocretin neurons of the 

lateral hypothalamus, this part of the work aimed to characterize a novel mechanism by 

which the acetate–endocannabinoidome axis participates in the gut–brain regulation of 

energy homeostasis and food intake (Task II – The Short-chain fatty acid acetate 

modulates Orexin/Hypocretin Neurons – a novel mechanism in gut–brain axis regulation 

of energy homeostasis and feeding). 

Finally, the last part of the thesis explored the interface between photic signaling and 

hypothalamic homeostatic regulation, focusing on a previously underappreciated lateral 

branch of the retinohypothalamic tract. This phase of the work characterized how 

intrinsically photosensitive retinal ganglion cells, selectively responsive to blue light, 

project to the perifornical hypothalamus and influence orexin neurons via glutamatergic 

inputs endowed with CB1 receptors. By integrating anatomical tracing, 

immunohistochemistry, time-resolved measurements of hypothalamic 2-AG levels, and 

analysis of endocannabinoid-mediated DSE at retinal terminals, this Task set out to 

demonstrate that blue light transiently activates orexinergic neurons while 

simultaneously engaging a local endocannabinoid feedback that dampens excitatory 

drive, thereby revealing a light-responsive, endocannabinoid-driven mechanism for the 

fine tuning of arousal and energy-related hypothalamic functions (Task III – The Blue 

Light Responsive Lateral Pathway of the Retinohypothalamic Tract Promotes 

Endocannabinoid Driven Modulation of Orexin Neurons). 

Taken together, these three Tasks delineate a coherent research trajectory in which the 

endocannabinoidome emerges as a shared molecular language through which the central 

nervous system integrates metabolic, and photic cues to adapt neuronal network 

dynamics and behavior to internal and external demands. By bridging apparently 
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disparate domains, from microbiota–gut–brain communication to food reward and blue-

light–driven arousal, this thesis proposes a unified view of the endocannabinoidome as a 

crucial hub at the crossroads between peripheral signals and brain homeostasis. 

In continuity with this framework, an ongoing Task of the project is devoted to 

investigating how the endocannabinoidome – and in particular the CB2 receptor – 

contributes to preserving microglial and synaptic homeostasis in the context of 

high‑fat‑diet–induced obesity. In this study, currently under preparation as a manuscript 

on which I will be first author, CB2 receptor activation is examined as a strategy to reduce 

microglial lipid droplet accumulation and to restore hippocampal synaptic function and 

plasticity, thereby extending the concept of the endocannabinoidome as a protective 

interface between metabolic stress, glial fitness, and the integrity of neuronal networks 

(Task IV – Studies of 2-Arachidonoyl-sn-glycerol-3-phosphate (2-AGP), a 

Lysophosphatidic Acid, Mediates High-Fat Diet–Induced Working Memory Impairment 

via Tau Hyperphosphorylation and Microglial Dysfunction) 
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3. Results 

 

3.1 Task I – “Olive oil-derived endocannabinoid-like mediators inhibit 

palatable food-induced reward and obesity” 

 

Obesity is a condition of chronic low-grade inflammation and energetic imbalance in 

which metabolic components and reward circuits converge to promote overconsumption 

of highly palatable foods. In this scenario, the endocannabinoidome plays a central role 

in modulating both hypothalamic energy homeostasis and hedonic responses mediated 

by mesolimbic circuits, thereby influencing vulnerability to the development of 

addiction-like eating behaviors. In parallel, epidemiological and experimental evidence 

attribute a protective effect against obesity and cardiometabolic diseases to olive oil, a 

cornerstone of the Mediterranean diet, yet the molecular links between this food, reward 

processing, dopaminergic activity, and the gut microbiota remain only partially 

understood. 

From a biochemical standpoint, olive oil is rich in oleic acid, the precursor of a class 

of endocannabinoid-like lipid mediators, such as oleoylglycine 

(OlGly) and oleoylalanine (OlAla), already known for their ability to modulate 

dependence-related behaviors toward opioids, alcohol, and nicotine via activation 

of PPARα and, in the case of OlAla, through inhibition of FAAH, with consequent 

alteration of the profile of other endocannabinoid mediators. Previous work indicates that 

OlGly and OlAla act as an endogenous brake on compulsive seeking of rewarding 

stimuli, suggesting that they may also operate as a physiological “brake” on reward 

driven by hypercaloric, highly palatable foods. The present study employs behavioral 

paradigms of conditioned place preference (CPP) for highly palatable food, 

electrophysiological recordings from ventral tegmental area (VTA) dopaminergic 

neurons, targeted lipidomics in key brain regions (VTA, nucleus accumbens, insula, 

hypothalamus), and metataxonomic analysis of the microbiota to test the hypothesis that 

these lipoamino acids constitute a functional axis linking diet, brain, and microbiota. 

Specifically, the comparison between a lard-rich diet (HFDL) and an isocaloric high–

olive oil diet (HFDO) allows the qualitative effect of fat composition on obesity 
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vulnerability to be isolated: while HFDL promotes weight gain, reduction of intestinal 

microbial diversity, and depletion of OlGly/OlAla in the brain, HFDO is associated with 

increased levels of these mediators in the VTA, insula, accumbens, and hypothalamus, 

with attenuation of weight gain and microbiota profiles more similar to those of lean 

animals. Use of the PPAR antagonist GW6471 demonstrates that protection from obesity 

and reduction of CPP for palatable food depend substantially on PPARα activation, both 

for the direct pharmacological action of OlGly/OlAla and for the effects induced by the 

olive-oil–rich diet. At the neuronal level, OlGly and OlAla reduce the spontaneous firing 

rate of VTA dopaminergic neurons in a PPAR-dependent fashion, providing a plausible 

cellular substrate for the decrease in incentive value of food. 

This study aimed to determine whether OlGly, OlAla, and a high–olive oil diet can 

counteract reward induced by highly palatable food and diet-induced weight gain, by 

acting on PPAR signaling, modulating dopaminergic neuron activity, reshaping brain and 

intestinal lipid mediator profiles, and restructuring the microbiota toward configurations 

associated with obesity resistance. 
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3.2 Task II – “The Short-chain fatty acid acetate modulates 

Orexin/Hypocretin Neurons: a novel mechanism in gut- brain axis 

regulation of energy homeostasis and feeding” 

 

The control of appetite and energy homeostasis arises from the integration of peripheral 

and central signals converging onto specific hypothalamic and mesolimbic circuits, within 

which the microbiota–endocannabinoidome–brain axis is emerging as a key regulatory 

node. In this framework, the intestinal microbiota constitutes a complex ecosystem capable 

of producing a wide range of metabolites, including short-chain fatty acids (SCFAs) such 

as acetate, propionate, and butyrate, derived from the fermentation of nondigestible fibers. 

These metabolites modulate intestinal pH, barrier permeability, immune responses, and 

energy metabolism, and have been linked both to obesity and to central regulation of 

caloric intake. Studies in obese and germ-free mouse models have shown that changes in 

microbiota composition lead to profound alterations in SCFA profiles, in the distribution 

of bacterial phyla (increased Firmicutes, reduced Bacteroidetes), and in behavioral 

responses to food stimuli, suggesting that the production of acetate represents a privileged 

route through which the microbiota influences hypothalamic circuits controlling hunger 

and satiety. 

Within this context, acetate, the simplest and most abundant SCFA, emerges as a key 

mediator of the gut–brain axis. It can reach the central nervous system, accumulate in 

specific hypothalamic regions, and modulate circuits that are sensitive to the organism’s 

energetic state. In particular, orexin/hypocretin neurons of the lateral hypothalamus and 

perifornical area represent a crucial hub where metabolic, hormonal, and motivational 

signals are integrated: these neurons are predominantly active during wakefulness, 

coordinate arousal, motivation, and feeding behavior, and are tightly connected to 

dopaminergic circuits and to locally expressed endocannabinoid systems. It has been 

shown that CB1 receptors and other components of the endocannabinoidome are 

abundantly expressed on afferent synapses targeting orexin neurons, enabling fine 

retrograde control of glutamatergic and GABAergic transmission via 2-AG and AEA, and 

thereby predisposing this circuit to respond plastically to changes in lipid and metabolic 

tone. 

At the anatomical level, this work documents the presence of the SCFA receptor GPR43 
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in periventricular structures surrounding the third ventricle, suggesting an indirect route 

by which acetate, after entering the cerebrospinal compartment, can modulate GABAergic 

microcircuits projecting onto orexin neurons rather than acting directly on their somata. 

Functionally, acetate exerts an anorexigenic effect in both lean and obese mice, reduces 

the expression of the activation marker cFOS in orexin neurons, enhances synaptic 

GABAergic transmission, and reshapes hypothalamic endocannabinoid tone, in particular 

normalizing excessively high 2-AG levels in the ob/ob model, a murine model of 

monogenic obesity caused by inactivating mutations in the leptin gene, which result in 

absence of circulating leptin, hyperphagia, a marked increase in adipose mass, and insulin 

resistance with hyperglycemia and hyperinsulinemia93. In parallel, acetate increases 

POMC expression in the arcuate nucleus, favoring the recruitment of the anorexigenic 

POMC–MSH circuit and counteracting the orexigenic drive of the orexin pathway, with 

an integrated impact on energy balance. 

This study aimed to ascertain whether, once produced by the microbiota and released into 

the circulation, acetate reaches the hypothalamus, specifically modifies the activity of 

orexin/hypocretin neurons, remodels local endocannabinoid tone, and induces a 

measurable change in food intake, with particular attention to differences between lean 

and obese animals. 
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3.3 Task III – “The Blue Light-Responsive Lateral Pathway of the 

Retinohypothalamic Tract Promotes Endocannabinoid-Driven Modulation 

of Orexin Neurons” 

 

Light exposure plays a critical role in regulating the circadian rhythm, which is the 

body’s internal clock controlling physiological processes over a 24-hour cycle. This 

rhythm influences appetite by modulating neuroendocrine signals and metabolic 

pathways.  

The hypothalamus integrates light cues received through the retina to synchronize 

feeding behavior with the day-night cycle. Typically, appetite peaks during the active 

phase (daytime for diurnal species, nighttime for nocturnal species). Disruption of 

circadian rhythm—such as through irregular light exposure—can lead to altered 

hunger signals and metabolic imbalance. 

 2-AG is a major endocannabinoid that activates CB1 receptors, promoting food intake 

and energy storage. Its levels fluctuate in a circadian manner, generally increasing 

before the active feeding phase. Light-driven circadian signals influence the enzymes 

that synthesize and degrade 2-AG, thereby modulating its orexigenic (appetite-

stimulating) effect. 

Orexin is a neuropeptide produced in the hypothalamus that stimulates wakefulness 

and feeding. Its secretion is tightly linked to circadian rhythm and light exposure. 

During the active phase, orexin levels rise, enhancing motivation to eat and 

reinforcing the orexigenic action of 2-AG through synergistic signaling in 

hypothalamic circuits. 

Since blue light is a powerful environmental cue (Zeitgeber) for the synchronization 

of circadian rhythms, wakefulness, arousal, and homeostatic functions controlled by 

hypothalamic circuits, and both 2-AG and orexin exhibit circadian fluctuations, with 

their orexigenic properties being strongest during the active phase, in this task of my 

study we sought to evaluate if blue light eye stimulation in mice could  trigger 

hypothalamic 2-AG levels and disinhibition of OXA neurons thus providing the 

anatomo-functional mechanism linking arousal with wakefulness and food-intake 

behaviour. 
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Intrinsically photosensitive retinal ganglion cells (ipRGCs), expressing melanopsin, 

are particularly sensitive to the blue component of the spectrum and send the classic 

projections to the suprachiasmatic nucleus (SCN) via the medial retinohypothalamic 

tract, but more recent evidence indicates the existence of alternative projections to 

lateral hypothalamic areas. Among these, the perifornical hypothalamic area 

(PFH) hosts orexin (OXA) neurons that show marked circadian oscillations in activity 

and are crucial for maintaining wakefulness, regulating arousal, food intake, and 

energy expenditure. 

Within this anatomo-functional context, the demonstration that a lateral branch of the 

retinohypothalamic tract (lRHT) provides the PFH with glutamatergic retinal 

afferents co-expressing the vesicular glutamate transporter VGluT1 and the CB1 

receptor defines a circuit in which photic signaling is intrinsically susceptible to 

endocannabinoid modulation 

Experiments using presynaptic calcium probes (Fluo4-Dextran) show that 10 minutes 

of blue light increase recruitment of retinal afferents onto OXA neurons, whereas 

prolonged stimulation leads to a reduction in this signal, paralleling the bell-shaped 

time course of 2-AG levels. Application of the CB1 antagonist AM251 abolishes the 

prolonged suppressive phase of hypothalamic firing while preserving the initial 

activation, confirming that the late inhibitory component is mediated by CB1 

activation on lRHT glutamatergic terminals. Taken together, these data support a 

model in which the ipRGC–lRHT–PFH–2-AG–CB1 axis constitutes a fine 

mechanism for translating blue light input into modulation of orexinergic activity and, 

by extension, of wakefulness, arousal, and energy homeostasis. 

This study aimed to comprehensively characterize the blue light–responsive lateral 

retinohypothalamic pathway which, through CB1-sensitive glutamatergic afferents to 

the PFH, promotes endocannabinoid-driven modulation of orexin neurons, combining 

anatomical tracing, time-resolved measurements of hypothalamic 2-AG, cFOS 

analysis, and electrophysiological assessment of CB1-dependent DSE at retinal 

terminals. 
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4. Discussion  

 

The studies collected in this thesis converge on the notion that the 

endocannabinoidome operates as a highly plastic, integrative system that links 

peripheral metabolic and sensory signals to central mechanisms of neuronal 

excitability, synaptic plasticity, and behavior. Rather than behaving as a narrowly 

defined neuromodulatory pathway, the endocannabinoidome emerges as a distributed 

molecular platform in which classical endocannabinoids, endocannabinoid-like 

mediators, and their diverse receptors form a shared biochemical language through 

which the brain decodes and integrates information coming from the gut microbiota, 

the dietary environment and photic cues. Across the three experimental Tasks, this 

language is instantiated through context-dependent changes in 2-AG levels, dynamic 

redistribution of CB1 receptors on excitatory and inhibitory terminals, engagement of 

nuclear receptors such as PPARα, and crosstalk with other neuromodulatory systems. 

A first major axis delineated by the thesis concerns the interplay between microbiota-

derived metabolites, dietary lipids, and hypothalamic–mesolimbic circuits of energy 

balance and reward (Tasks I and II). The case of the olive oil studies expands this view 

by showing that a specific qualitative feature of the diet—the presence of oleic-acid–

derived lipoamino acids OlGly and OlAla—can shape both reward processing and 

obesity risk via the endocannabinoidome (Task I). Here, OlGly and OlAla act as 

endogenous brakes on palatable-food–induced reward, selectively abolishing 

conditioned place preference without inducing nonspecific anorexia under standard 

feeding conditions. At the neuronal level, these mediators reduce the firing rate of 

VTA dopaminergic neurons through a PPARα-dependent mechanism, directly 

dampening the mesolimbic output that encodes the incentive salience of highly 

palatable food. At the systemic level, chronic administration of OlGly/OlAla, as well 

as feeding with an isocaloric high–olive oil diet, attenuates weight gain and 

cumulative caloric intake under a lard-rich obesogenic regimen, effects which are 

again dependent on PPARα activation. Lipidomic and metataxonomic analyses further 

show that an olive-oil–based diet increases OlGly (and, to a lesser extent, OlAla) in 

multiple brain regions and the colon, while promoting a more favorable microbiota 

configuration and partially restoring diversity lost under lard feeding. Together with 

the acetate data from the task II, these results strongly support the concept that dietary 
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components, by modulating the eCBome and microbiota, can recalibrate both 

hypothalamic energy-sensing pathways and mesolimbic reward circuits. The study of  

acetate (Task II), a short-chain fatty acid produced by gut microbial fermentation, 

demonstrates that this metabolite is not merely a peripheral energy substrate but also 

a central signal capable of reshaping the activity of orexin/hypocretin neurons within 

the lateral hypothalamus and perifornical area. By engaging periventricular GPR43-

expressing microcircuits, acetate enhances GABAergic drive onto orexin neurons, 

reduces their cFOS activation, normalizes an overactive hypothalamic 2-AG tone in 

obese animals, and concomitantly promotes POMC expression in the arcuate nucleus, 

thereby tipping the balance toward an anorexigenic state. These findings identify a 

microbiota–acetate–endocannabinoidome axis as a concrete route through which the 

gut can exert top-down control on hypothalamic hubs coordinating arousal and 

feeding and highlight orexin neurons as a critical point of convergence for microbial 

and lipid signals. 

The third part concerns the integration of photic information with hypothalamic 

regulation of arousal and metabolic state, again through the lens of the 

endocannabinoidome (Task III). By identifying and functionally characterizing a blue 

light–responsive lateral retinohypothalamic pathway projecting from melanopsin-

expressing ipRGCs to the perifornical hypothalamus, the thesis uncovers a circuit that 

operates in parallel to the canonical SCN projection but is specifically wired to orexin 

neurons. Retinal afferents in this pathway are glutamatergic, express VGluT1 and 

CB1, and form synaptic contacts with OXA neurons, establishing an anatomical 

substrate for endocannabinoid modulation of light-driven excitatory input. Blue light 

exposure elicits a rapid, transient increase in hypothalamic 2-AG levels, alongside an 

early phase of heightened OXA neuronal activity followed by a CB1-dependent 

suppression of firing and a reduction in presynaptic calcium signals at retinal 

terminals. Pharmacological blockade of CB1 abolishes the late inhibitory phase while 

sparing the initial activation, demonstrating that the endocannabinoid component is 

specifically responsible for implementing a feedback brake on sustained glutamatergic 

drive. In line with this, the overall time course of 2-AG and of electrophysiological 

responses follows a bell-shaped profile, consistent with a transient engagement of the 

endocannabinoid system to prevent overactivation of orexin circuits during prolonged 

blue light stimulation. These findings extend the concept of the endocannabinoidome 
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as a state-dependent modulator of excitability to the domain of photic entrainment, 

suggesting that it contributes to fine-tuning the impact of environmental light on 

arousal and, indirectly, on energy-related behaviors. 

When considered together, these tasks outline a coherent picture in which endogenous 

lipid mediators and their receptors form a plastic, context-sensitive signaling 

system at the intersection of peripheral physiology and central network dynamics. In 

metabolic contexts, the endocannabinoidome translates microbiota- and diet-derived 

signals into adjustments of hypothalamic and mesolimbic circuits that govern appetite, 

reward, and body weight. In the photic domain, it tempers the impact of blue light on 

orexin neurons, preventing excessive excitation of arousal systems. Across these 

diverse scenarios, a recurring organizational motif emerges: a peripheral or 

environmental perturbation induces local changes in endocannabinoid tone and 

receptor distribution, which in turn recalibrate the excitation–inhibition balance and 

activity patterns of defined neuronal populations, ultimately leading to measurable 

alterations in behavior. This recurrent motif lends strong support to the guiding 

hypothesis of the thesis, namely that the endocannabinoids and endocannabinoid-like 

molecules shared a common molecular language through which the central nervous 

system integrates metabolic and sensory information to adapt its functional state to 

internal and external demands. 

 

5. Conclusions  

 

The work presented in this thesis provides experimental support for a unitary view of 

the endocannabinoidome as an integrative and dynamic system that governs the 

interplay between peripheral signals and central neuronal networks in multiple, 

apparently disparate, physiological and pathological conditions. In the domain of 

energy homeostasis and feeding, the data demonstrate that microbiota-derived acetate 

and olive oil–derived lipoamino acids converge on hypothalamic and mesolimbic 

targets, respectively, to modulate orexin neuron activity, endocannabinoid tone, 

dopaminergic firing, and gut microbiota structure, thereby influencing both appetite 

and vulnerability to diet-induced obesity. Finally, in the photic regulation of arousal, 

the thesis uncovers a blue light–responsive lateral retinohypothalamic pathway that 
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uses 2-AG–CB1-dependent feedback to modulate glutamatergic input onto orexin 

neurons, revealing a novel interface between environmental light, the 

endocannabinoidome, and hypothalamic control of wakefulness and energy balance. 

Taken together, these findings substantiate the notion that endogenous lipid mediators 

and their receptors form a shared molecular framework through which the brain 

integrates metabolic and photic cues to adjust neuronal excitability, synaptic 

plasticity, and behavior. By articulating this framework across five distinct but 

conceptually aligned Task-based studies, the thesis not only refines the understanding 

of the endocannabinoidome’s role in specific circuits and disease models but also 

opens translational perspectives in which nutritional, pharmacological, and 

chronobiological interventions targeting this system may be rationally combined to 

promote brain homeostasis and resilience. 
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6. Introduction - Ongoing Research   

 

As a completion to the present dissertation, I have included a set of still unpublished 

experimental data, which are currently the object of a manuscript in preparation on which I 

will appear as first author. These results, presented in preliminary form, have been 

incorporated because they are closely consistent with the guiding theme of the thesis, 

namely the role of the endocannabinoidome, and in particular of the CB2 receptor and the 

2-AGP/LPA1R axis – in maintaining the homeostasis of neuronal networks and glial cells 

under metabolic stress. 

 

6.1 Task IV – “Studies of 2-Arachidonoyl-sn-glycerol-3-phosphate (2-AGP), a 

Lysophosphatidic Acid, Mediates High-Fat Diet–Induced Working 

Memory Impairment via Tau Hyperphosphorylation and Microglial 

Dysfunction” 

 

Understanding why overeating in obesity can create self-reinforcing cycles requires 

investigation beyond basic physiological processes regulating appetite and eating behavior. 

Many influences that might seem secondary are in fact tightly linked to these processes, 

helping to sustain and strengthen the cycle over time. 

From this perspective, investigating the molecular and cellular mechanisms underlying 

alterations in executive functions, such as working memory (WM), is of primary 

importance, given that impairments in memory are demonstrated to contribute to overeating 

(Higgs et al., 2005; Higgs et al., 2008; Seitz et al., 2021)1-3, and memory deficits are 

observed in both obese animal models and humans (Chen et al., 2024; Butler et al., 2025; 

Coppin et al; 2014)4-6. Moreover, the memory deficits lend further support to the hypothesis 

that obesity represents a significant risk factor for the development of neurodegenerative 

disorders, including Alzheimer's disease (Neto et al., 2023; Koriath et al.,2025; Tabassum 

et al., 2020)7-9  

Studies have shown that working memory dysfunction results from multiple converging 

mechanisms, including dysregulation of the dopaminergic system (Herzog et al.,2024)10, 
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inflammatory processes (Yang et al., 2020; Shields et al., 2020)11,12, alteration in gut 

microbiota composition (Liu et al., 2025; Arnoriaga-Rodríguez et al., 2020)13,14 , structural 

and functional changes in the hippocampus (Tran et al., 2025)15, as well as alterations in 

hypothalamic circuits (Burdakov et al., 2020)16. 

Among the hypothalamic neuron‑derived metabolic regulators linking energy homeostasis 

to memory function, the neuropeptide OX-A has emerged as a pivotal modulator (Burdakov 

et al., 2025)17. OX-A is a 33-amino acid peptide synthesised in the lateral hypothalamus 

(LH) that regulates circadian functions like arousal, feeding, and the sleep–wake cycle 

(Sakurai et al., 2007)18. Both OX1R and OX2R receptors are broadly expressed within the 

hippocampus (Kostansek et al., 2023)19. Impaired OX-A signalling within the hippocampal 

dentate gyrus circuit compromises neurogenesis and ultimately episodic memory under 

conditions of obesity (Forte et al., 2021)20. Moreover, I highlighted the role of orexin in the 

pathogenesis of Alzheimer's disease (Forte et al., 2022; Yin et al., 2023; Ragsdale et al.,  

2025)21-23. 

OX-A controls the production of the endocannabinoid 2-AG through OX1R receptors 

(Fernández-Rilo et al., 2023)25. In turn, 2-AG can be converted into 2-

arachidonoyl‑sn‑glycerol‑3‑phosphate (2-AGP), a lysophosphatidic acid (Forte et al., 2022; 

Fernández-Rilo et al., 2023; Nakame et al., 2002)21,25,26, forming what can be called the OX-

A/2-AG/2-AGP signalling axis. We demonstrated that in the hypothalamus, 2-AGP, via the 

LPA1 receptor (LPA1R), modulates the proline-rich tyrosine kinase 2 – glycogen synthase 

kinase 3 beta (Pyk2-GSK3β) pathway and induces Tau hyperphosphorylation at the residue 

T231 (pT231-tau)(Forte et al., 2022; Fernández-Rilo et al., 2023)21,25. This mechanism 

rewires synaptic connections, thereby modulating feeding circuits (Fernández-Rilo et al., 

2023)25. Although the pT231-Tau production is not inherently neurotoxic (Forte et al., 

2022)21, it is recognized as an early cerebrospinal fluid (CSF) biomarker for Alzheimer's 

disease (Hampel et al., 2001; Buerger et al., 2002; Buerger et al., 2002)27–29. 

Paralleling these mechanisms, HFD‑induced obesity profoundly compromises brain 

homeostasis by promoting neuroinflammation and synaptic dysfunction. Among central 

immune cells, microglia play a pivotal role as sensors of metabolic stress and orchestrators 

of neuroimmune responses. To this end, a genetically modified mouse model was employed. 

Heterozygous CX3CR1^GFP/+ knock-in mice, in which one CX3CR1 allele is replaced by 

a GFP reporter while the second allele remains functional, were used to visualize CX3CR1-

expressing cells without disrupting receptor function. HFD has been shown to drive 
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microglia toward a dysfunctional phenotype characterized by impaired phagocytosis, 

cholesteryl ester accumulation, lipid droplet formation, and acquisition of a 

pro‑inflammatory profile collectively defined as Lipid Droplet‑Accumulating Microglia 

(LDAM). This change is particularly relevant in hippocampal regions, such as the DG, 

where microglia contribute to synaptic remodelling, the maintenance of the excitation–

inhibition balance, and the support of adult neurogenesis, all processes crucial for learning 

and memory. 

Within the endocannabinoid system, the CB2 is predominantly expressed in microglia and 

has been implicated in the regulation of neuroinflammation and immune responses, but its 

role in obesity‑induced microglial and synaptic dysfunction remains largely unexplored. 

Emerging evidence suggests that metabolic challenges such as HFD may alter CB2 

expression and signaling, potentially compromising the ability of microglia to efficiently 

handle lipid overload and to maintain synaptic integrity. Recent findings indicate that 

LPA1R can directly promote the acquisition of a pro‑inflammatory microglial phenotype 

(Kwon et al., 2018; Plastira et al., 2020; Gaire et al., 2019)30-32. LPA1 signaling has been 

demonstrated to trigger microglial activation in LPS‑induced septic mouse brains as well as 

in LPS‑stimulated rat primary microglia (Kwon et al., 2018)30. This is particularly relevant 

in obesity, where gut microbiota dysbiosis elevates circulating LPS levels, priming 

microglia toward a chronically activated, pro‑inflammatory state (Forte et al., 2020)33. 

Notably, LPA1R knockout mice are resistant to diet‑induced obesity, highlighting the 

receptor's pivotal role in linking metabolic stress to neuroinflammation (Dusaulcy et al., 

2009)34. 

Based on this evidence, here I hypothesize that in obesity, increased LPA1R activation via 

the OX-A/2-AG/2-AGP signaling axis acts as a dual pathogenic driver: on one hand, by 

promoting Tau hyperphosphorylation, and on the other, by maintaining a chronic 

pro‑inflammatory microglial state that further reinforces Tau phosphorylation through 

GSK3β activation(Li et al., 2003; Green et al., 2012)35,36. Concurrently, the loss of CB2 

expression in DG microglia compromises the receptor's neuroprotective functions in 

controlling lipid metabolism, maintaining phagocytic competence, and dampening 

inflammatory responses. This integrated framework identifies CB2 activation as a potential 

strategy to counteract both the neuroinflammatory and metabolic aspects of HFD‑induced 

cognitive decline. 
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6.2 Results  

 

6.2.1 Obesity induces Tau hyperphosphorylation at the T231 residue in CA3-

CA1 areas of the hippocampus.  

 

Building on our initial observation that Tau protein is highly phosphorylated at residue T231 

in the hypothalamus of obese mice, we next asked whether this modification also occurs in 

the hippocampus, a region critically involved in working memory. Analysis of hippocampal 

sections revealed a pronounced increase in phosphorylated Tau immunoreactivity in obese 

mice compared with controls. This increase was particularly evident in the CA3–CA1 

subfields, whereas the dentate gyrus (DG) displayed comparatively lower levels of 

immunoreactivity [Fig. 1]. 
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Figure 1.  High-fat diet increases Tau phosphorylation in the CA3-CA1 hippocampal area. 

(A-B) Confocal images of immunolabeling of the hippocampus of lean and HFD CX3CR1 

mice. (C) Bar graph showing the percentage of pTau in all the examined areas (DG, CA3, 

CA1). (D) Bar graph showing the percentage of pTau subdivided per area, Two-way ANOVA 

test. (E) Manders’ coefficient of the pTau/CX3CR1 signal in DG, CA1 and CA3 areas.  Two-

way ANOVA test.  

 

6.2.2 Inhibition of LPA1R via AM095 improve memory capacity and 

hippocampal plasticity in obese mice. 

 

The spatial and working memory capacity refers to the amount of information that can be 

encoded, maintained, and retrieved in the brain within a specific time interval. It critically 

depends on the integrity of hippocampal circuits and has been here investigated in mice 

using the 6-IOT and 6 DOT tests. The 6-IOT (Six-Item Object Test) primarily assesses 

working memory and recognition memory based on object identity and/or location by using 

six distinct objects placed in an arena which are firstly explored by mice (Sample phase). 

After a short delay, one object is moved (object location) or replaced (object recognition). 

Preference for the novel/displaced object indicates memory performance in the cognitive 

domain of object recognition and location memory (visual/spatial object-based). 

6-DOT focuses on spatial navigation and short-term memory and has been applied 

according to the protocol from (De Risi et al., 2025)37 through the following steps: 

• Presenting six distinct objects in an arena, 
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• Allowing mice short-term exploration, 

• Measuring how many unique objects are inspected before repeat visits in a single trial, 

• Using the count of unique explorations and revisit errors as metrics of working 

memory capacity. 

These tests rely on the animal’s ability to encode, maintain, and update information about 

objects and their spatial arrangement over short periods and our results didn’t find difference 

from the 6-IOT performance in obese mice vs lean mice but revealed a critical impairment 

from the 6-DOT score in obese vs lean mice that was recovered in obese (both HFD or 

ob/ob) mice and not in lean mice after treatment with AM095, a selective LPA1R antagonist 

mice). Noteworthy, AM095 treatment worsened the 6-DOT score in lean mice suggesting a 

critical role of 2-AGP and LPA1R molecular pathway in the regulation of spatial and 

working memory in mice (Fig. 2) 
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Figure 2. LPA1R agonist AM095 rescues impaired working memory capacity induced 

by a high-fat diet. (A) Schematic representation of the study and test phase of the object 

memory span task. During the test phase, only one object was substituted with a different 

one in both conditions – six identical objects (6-IOT) for the situation at low memory load 

and six different objects (6-DOT) in the case of high memory load.  (B) Percentage of 

exploration of the new object 6-IOT. (C) Percentage of exploration of the new object in a 6-

DOT. One-way ANOVA. (D) Percentage of exploration of the new object in a 6-DOT in 

mice treated with or without AM095 (10mg/Kg). (E) Percentage of exploration of the new 

object in a 6-DOT in mice treated with or without AM096 (10mg/Kg). T-Test. 

 

6.2.3 HFD induces lipid droplet-rich microglia and reduces CB2 and synaptic 

markers in the DG 

 

Histochemical analyses of hippocampal sections from HFD and STD mice revealed 

profound changes in microglial morphology and lipid content. Using IBA1 or 

CX3CR1-eGFP to label microglia and BODIPY staining to detect neutral lipid droplets, 

microglia in HFD mice displayed a foamy phenotype with prominent lipid droplet 

accumulation, particularly evident in the DG, consistent with the emergence of an 

LDAM-like state. Quantification of BODIPY-positive area per single microglial cell profile 

showed a significant increase in lipid load in HFD mice compared with STD animals, 

confirming that HFD promotes lipid storage in hippocampal microglia. 

In the same brain region, microglial CB2 immunoreactivity was markedly reduced in HFD 

mice. Measurement of CB2-positive area normalized to individual microglial profiles 

indicated a significant down-regulation of CB2 expression in DG microglia from obese 

animals relative to STD controls, while CA1 and CA3 regions showed less pronounced 

changes. A skeleton analysis further revealed that microglia in HFD displayed altered 

branching patterns, consistent with a shift toward a more activated and less “surveillant” 

morphology. In parallel, immunostaining for PSD95 revealed a decrease in synaptic density 

in the DG of HFD mice, suggesting that microglial lipid overload and CB2 loss are 

associated with compromised synaptic remodeling and a potential vulnerability of 

hippocampal circuits supporting mnemonic functions [Fig.3] 
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Figure 3. Lipids droplets accumulation and CB2- expression in microglia. (A) 

Representative micrographs showing microglial morphology at different magnifications in 

distinct hippocampal regions (dentate gyrus, DG, and CA3) of mice fed a standard diet 

(SD) or a high-fat diet (HFD). Microglia display a surveillant phenotype under SD 

A B 

C 

A1 B1 
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conditions and an activated/amoeboid phenotype following HFD. Microglial cells are 

labeled with IBA1 (red), post-synaptic density protein PSD95 is shown in blue, and 

intracellular lipid droplets are detected with BODIPY (green). (A1) Bar graph of BODIPY-

positive area per microglial single-cell profile (µm²). (B) Representative images of CB2 

receptor expression in microglial cells from SD- and HFD-fed mice. Microglia are shown 

in green, CB2 expression in blue, and CB2 immunoreactivity colocalizing with microglia 

is highlighted in yellow. (B1) Bar graph of CB2-immunoreactive area per microglial 

single-cell profile (µm²). (C) Representative images of the DG region from CX3CR1-

eGFP mice fed SD or HFD. Microglia are shown in green, lipid droplets in red, and nuclei 

in blue. Micrographs 3 and 4 show higher-magnification views of lipid droplet 

accumulation from micrographs 1 and 2, respectively. 

 

6.2.4 High-fat diet reshapes hippocampal synaptic transmission and plasticity 

 

Adult male C57BL/6J mice maintained on HFD for eight weeks develop obesity and show 

marked alterations in hippocampal synaptic transmission, particularly in the dentate gyrus. 

Recordings of eEPSCs from granule cells revealed that HFD significantly reduces eEPSC 

amplitude compared with STD-fed controls, indicating a decrease in synaptic strength at 

perforant path–DG synapses, while synaptic depression during sustained 80 Hz stimulation 

remains unchanged. Analysis of the cumulative amplitude profile during 2-s trains showed 

a reduction in the estimated readily releasable pool (RRP_syn) at excitatory synapses, 

accompanied by an increase in release probability, suggesting that HFD primarily impairs 

the size of the vesicle pool immediately available for release rather than the kinetics of 

vesicle replenishment. 

A similar analysis at inhibitory synapses showed that HFD also reduces the amplitude of 

eIPSCs, with a reorganization of the paired-pulse ratio consistent with changes in RRP and 

release probability at GABAergic terminals. The overall weakening of GABAergic 

transmission is interpreted as a homeostatic adaptation aimed at preserving the overall 

excitability of the DG network in the face of reduced excitatory input, rather than as a mere 

parallel deficit. In vivo LTP recordings in the medial perforant path–DG pathway showed 

that HFD, as well as the genetic model of obesity ob/ob, compromise the induction and/or 
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maintenance of LTP compared with lean controls, whereas this alteration was not fully 

reproduced in ex vivo slices from HFD animals, suggesting that circulating or paracrine 

inflammatory mediators contribute critically to the in vivo LTP deficit. 

To directly investigate the role of inflammation and CB2 signaling in this context, 

hippocampal slices were exposed to LPS to mimic the inflammatory state associated with 

HFD. Under these conditions, LTP at medial perforant path–DG synapses was markedly 

reduced; however, treatment with the selective CB2 agonist JWH-133 restored LTP to 

values comparable to those of control slices not treated with LPS. Representative traces and 

time-courses of fEPSP slopes showed that JWH-133 effectively reverses LTP suppression 

induced by LPS without altering basal synaptic transmission, supporting a specific role of 

CB2 activation in rescuing long-term synaptic plasticity under conditions of elevated 

inflammatory tone. In line with this, quantification of LTP amplitude in the different groups 

indicated that, while LPS alone significantly reduces potentiation, co-treatment with 

JWH-133 brings LTP back toward control levels in both males and females. 
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Figure 4. In male C57BL/6J mice, a high-fat diet decreases the amplitude of eEPSCs 

and modifies the paired-pulse ratio by reducing the size of the readily releasable pool 
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and enhancing the probability of neurotransmitter release. (A) Representative eEPSC 

traces from granule cells (GCs) of STD (blue) and HFD (orange) mice evoked by excitatory 

input (50–250 µA, 100 µs). (B) Input/output curves of eEPSC amplitude versus stimulation 

intensity. (C) Representative paired-pulse eEPSCs at interstimulus intervals (10–1000 ms). 

(D) Mean paired-pulse ratio (PPR ± SEM) as a function of interval. (E) eEPSCs evoked by 

2 s, 80 Hz stimulation in the molecular layer; artefacts removed. (F) Amplitude of the first 

eEPSC in the train. (G) Normalised eEPSC amplitude (mean ± SEM) during 80 Hz trains; 

inset (G1): area under the curve per neuron. (H) Cumulative amplitude profile of the 2-s 

train with extrapolated fit estimating RRP_syn. (I) Bar graph of RRP_syn at excitatory 

synapses. (J) Bar graph of release probability (Pr) in STD and HFD mice. 
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Figure 5. In male C57BL/6J mice, a high-fat diet decreases the amplitude of eEPSCs 

and modifies the paired-pulse ratio by reducing the size of the readily releasable pool 

and enhancing the probability of neurotransmitter release. (A) Representative eIPSC 
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traces from granule cells (GCs) of STD (green) and HFD (grey) mice evoked by inhibitory 

input (50–250 µA, 100 µs). (B) Input/output curves of eIPSC amplitude versus stimulation 

intensity. (C) Representative paired-pulse eIPSCs at interstimulus intervals (10–1000 ms). 

(D) Mean paired-pulse ratio (PPR ± SEM) versus interval. (E) eIPSCs evoked by 2 s, 40 Hz 

stimulation; artefacts removed. (F) Amplitude of the first eIPSC in the train. (G) Normalised 

eIPSC amplitude (mean ± SEM) during 40 Hz trains; inset (G1): area under the curve per 

neuron. (H) Cumulative amplitude profile of the 2-s train with extrapolated fit estimating 

RRP_syn. (I) Bar graph of RRP_syn at inhibitory synapses. (J) Bar graph of release 

probability (Pr) at inhibitory synapses in STD and HFD mice. 

 

 

 

Figure 6. HFD alters hippocampal LTP in vivo. Schematic representation of the in vivo 

LTP recording, the stimulation electrode was placed in the MPP, the recording site was in 

the ML. (A) Representative traces recorded in lean, HFD, and ob/ob before and after the 

TBS. (B) Plot of the fEPSP slope recorded before and after the induction of the LTP (time 
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0) in the DG of n = 5 lean mice, n = 4 HFD mice, and n = 5 ob/ob mice; data are presented 

as mean values ± SEM, as the extent of LTP was calculated as a percentage of the baseline 

between the last 40 and 60 min of recording. (C) Box plot of the LTP in lean, HFD, and 

ob/ob mice. 

 

 

 

Figure 7. JWH133 rescues LTP inhibition due to LPS treatment in MPP – DG 

synapses. (A) Bar Graph of the LTP in female mice under standard diet (STDf), female 

mice under HFD diet (HFDf), in male mice under standard diet (STDm) and male mice 

under HFD diet (HFDm). (B) Representative traces recorded in control, LPS, and 

LPS+JWH133 before and after the high frequency train (HFS). (C) Plot of the fEPSP slope 

recorded before and after the induction of the LTP (time 0) in the DG. (D) Bar Graph of the 

LTP in control, LPS, and LPS+JWH133 slices 
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6.2.5 CB2 activation counteracts palmitic acid–induced lipotoxicity in microglia 

in vitro 

To dissect the cellular mechanisms underlying the in vivo observations, BV2 microglial 

cells, an immortalized murine cell line, were exposed to palmitic acid (PA) as an in vitro 

model of lipotoxic stress, and the effects of CB2 modulation were evaluated using JWH-133 

and the antagonist AM630. PA treatment induced marked lipid droplet accumulation, 

visualized by BODIPY Green staining, and increased production of reactive oxygen species 

(ROS), measured with CellROX Deep Red, accompanied by a reduction in microglial 

phagocytic capacity, assessed by uptake of pHrodo Green–conjugated E. coli bioparticles. 

These changes are consistent with a transition toward a metabolically stressed and 

functionally impaired microglial phenotype. Pre-incubation with JWH-133 prior to PA 

exposure significantly reduced lipid droplet accumulation and ROS levels, while preserving 

or partially restoring phagocytic activity, indicating that CB2 activation improves multiple 

aspects of PA-induced microglial dysfunction. In contrast, pre-incubation with AM630 did 

not improve microglial fitness; in combination with PA, the antagonist failed to reduce lipid 

accumulation or oxidative stress and did not rescue phagocytosis. Importantly, neither 

JWH-133 nor AM630 alone, in the absence of PA, produced significant changes compared 

with vehicle-treated controls in any of the measured parameters, underscoring that CB2 

modulation exerts its protective effects specifically under lipotoxic challenge rather than 

altering basal microglial physiology. These in vitro results are consistent with the in vivo 

data, indicating that CB2 down-regulation or blockade weakens microglial resilience to 

metabolic stress, whereas CB2 activation enhances lipid handling capacity, redox balance, 

and phagocytic competence. 
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Figure 8. CB2 receptor activation reduces palmitic acid–induced lipid accumulation, 

oxidative stress, and improves phagocytosis in BV2 microglial cells 

BV2 murine microglial cells the cells were plated in 24-well plates at a density of 4000 

cells/cm². The cells were subsequently treated with: Vehicle, Palmitic Acid (PA, 1 µM, 12 

h),  AM + PA (30 min pre-incubation with 10 µM AM630 followed by 1 µM PA for 12 h), 

JW133 + PA (30 min pre-incubation with 0.5 µM JW133 followed by 1 µM PA for 12 h), 

AM (30 min pre-incubation with 10 µM AM630), and JW133 (30 min pre-incubation with 

0.5 µM JW133). The experimental conditions were monitored using the Incucyte® live-cell 

analysis system, which enables continuous, real-time analysis by maintaining optimal 

environmental conditions (37°C, 95% humidity, and 5% CO₂) and utilizing vital fluorescent 

dyes. The following parameters were assessed: (A) lipid droplet accumulation using 

Bodipy™ Green (1:1000), (B) reactive oxygen species (ROS) production using CellROX™ 

Deep Red (2.5 µM), and (C) phagocytic capacity using pHrodo™ Green E. coli 

BioParticles™ conjugate. 
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7. Conclusions 

 

The present set of unpublished data supports a comprehensive model in which HFD‑induced 

obesity exerts a dual and converging pathogenic action on hippocampal structure and 

function. On one side, metabolic stress enhances Tau hyperphosphorylation at residue T231 

and promoting a state of molecular vulnerability within hippocampal circuits. On the other 

side, the same obesogenic milieu progressively shifts hippocampal microglia toward a lipid 

droplet–rich, metabolically overloaded and functionally compromised phenotype, 

characterized by CB2 down‑regulation, altered morphology, reduced synaptic coverage and 

a diminished capacity to support synaptic plasticity in the dentate gyrus. 

Electrophysiological analyses further reveal that HFD reduces excitatory synaptic strength 

by decreasing the readily releasable pool at perforant path synapses and weakens inhibitory 

transmission in a fashion compatible with a homeostatic attempt to preserve overall network 

excitability under chronic metabolic challenge, while in vivo recordings demonstrate that 

both diet‑induced and genetic obesity impair LTP in the DG in a manner that is not fully 

reproduced in ex vivo slices, underscoring the indispensable contribution of circulating and 

paracrine inflammatory mediators to long‑term synaptic dysfunction. 

Within this intricately orchestrated pathophysiological framework, LPA1R and CB2 emerge 

not as isolated effectors but as pivotal, partially complementary determinants of 

hippocampal function and synaptic resilience. Pharmacological antagonism of LPA1R with 

AM095 restores both working memory capacity and CA3–CA1 LTP in obese mice, 

indicating that dampening the 2‑AGP/LPA1R axis can reverse cognitive impairment and 

normalize activity‑dependent synaptic strengthening in circuits critically involved in 

information encoding and retrieval. Conversely, selective activation of CB2 with JWH‑133 

rescues LTP in hippocampal slices exposed to LPS, a condition that mimics the 

inflammatory environment associated with obesity, thereby demonstrating that CB2 

signaling can re‑establish long‑term synaptic plasticity in the dentate gyrus even in the 

presence of heightened immune tone. In parallel, in vitro experiments using BV2 microglial 

cells show that CB2 activation markedly reduces palmitic acid–induced lipid droplet 

accumulation, lowers oxidative stress and restores, at least in part, phagocytic competence, 

whereas CB2 antagonism fails to confer any protection, reinforcing the concept that CB2 is 

a crucial guardian of microglial metabolic fitness and immune functionality when cells are 
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exposed to sustained lipotoxic stimuli. 

Taken together, these converging lines of evidence identify LPA1R and CB2 as key, 

interrelated regulators of hippocampal microglial and synaptic homeostasis in the context 

of HFD‑induced obesity and suggest that the loss of CB2 expression in DG microglia 

contributes to the collapse of neuroprotective mechanisms that normally safeguard 

hippocampal circuits from metabolic and inflammatory insults. By demonstrating that 

LPA1R antagonism can reverse working memory deficits and CA3–CA1 LTP impairments, 

and that CB2 agonism can restore both microglial function and dentate gyrus LTP under 

inflammatory and lipotoxic conditions, this work points to both receptors as promising, and 

potentially synergistic, therapeutic targets for preserving synaptic integrity and preventing 

or attenuating cognitive decline associated with obesity and related neurodegenerative 

processes. In this light, the endocannabinoidome – through the dynamic interplay between 

CB2‑dependent signaling and the generation and sensing of metabolic lipid mediators such 

as 2‑AGP – emerges as a central integrative hub that coordinates the responses of neuronal 

networks and glial cells to chronic metabolic stress, offering a unifying framework to 

understand, and ultimately modulate, the complex crosstalk between energy imbalance, 

neuroinflammation and hippocampal dysfunction. 

 

8. Overall Discussion and Concluding Remarks 

 

This doctoral thesis proposes a unified view of the endocannabinoidome as a plastic and 

integrative system capable of translating dietary, metabolic, and environmental stimuli into 

coordinated adaptations of neuronal circuits that regulate energy homeostasis, synaptic 

plasticity, and cognitive functions. Although the different Tasks address apparently distinct 

domains, from dietary lipid quality to microbial signaling and photic stimuli, the findings 

converge toward a coherent model in which the endocannabinoidome operates as a shared 

molecular language through which the brain integrates peripheral and environmental inputs, 

thereby modulating neuronal excitability and behavior according to internal and external 

demands. In the murine model of high-fat diet–induced obesity, metabolic dysregulation is 

associated with a profound alteration of the microbiota–gut–brain axis and an imbalance in 

endocannabinoid tone within key regions such as the hypothalamus, mesolimbic system, 

and hippocampus. However, the data demonstrate that this dysfunction is not merely driven 
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by caloric excess, but rather by the quality of the lipids consumed. An olive oil–enriched 

diet, despite being isocaloric compared with a saturated fat–rich diet, prevents the typical 

alterations of the endocannabinoidome observed in HFD-fed mice. This protective effect is 

due to the administration of olive oil–derived lipoamino acids, OlGly and OlAla, which 

possess endocannabinoid-like structures and, through activation of PPARα, modulate the 

hedonic consumption of palatable food. These findings indicate that the 

endocannabinoidome acts as a sensor of lipid quality, translating peripheral nutritional 

signals into modulation of mesolimbic circuits and preserving the functionality of neuronal 

networks that regulate arousal. In this context, it becomes evident that the components of 

the endocannabinoidome functionally cooperate, reinforcing the concept of an integrated 

lipid signaling network. 

This perspective extends to signals of microbial origin. Acetate, a metabolite produced by 

the gut microbiota, acts as a molecular bridge between peripheral metabolic state and the 

activity of orexinergic neurons in the lateral hypothalamus. Under obese conditions, the 

reduction in acetate-dependent tone is associated with altered orexinergic regulation, 

impairing the control of food intake. Restoration of acetate levels re-establishes the 

functionality of these neurons, suggesting that the endocannabinoidome, being sensitive to 

the organism’s overall metabolic state, participates in translating microbial signals into 

modulation of neuronal excitability. Within this framework, the microbiota–

endocannabinoidome–brain axis represents a fundamental circuit through which the central 

nervous system monitors and integrates information regarding peripheral energy status. 

To this metabolic dimension is added an environmental component. Exposure to blue light, 

characteristic of the modern environment, modulates hypothalamic 2-AG levels and 

influences the circadian activity of orexinergic neurons through an endocannabinoid 

feedback mechanism at the level of retino-hypothalamic glutamatergic afferents. This 

finding further expands the integrative paradigm outlined in the thesis, demonstrating that 

the endocannabinoidome not only responds to nutritional and microbial stimuli but also 

functions as an interface for photic signals. The transient modulation of 2-AG in response 

to blue light suggests a role for the endocannabinoidome in the fine-tuning between 

activation and stabilization of arousal circuits, with potential implications for circadian 

synchronization and metabolic alterations associated with chronic light pollution. Once 

again, stimuli of distinct nature converge on the same molecular nodes that regulate 

presynaptic neurotransmitter release and synaptic plasticity. 
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The conceptual continuity among these findings is synthesized within the framework of the 

ongoing study on synaptic and cognitive damage induced by a high-fat diet. In the early 

phases of metabolic stress, the endocannabinoidome appears to function as a compensatory 

system aimed at restoring homeostasis; however, under chronic exposure, this adaptive 

capacity becomes overwhelmed. Tau hyperphosphorylation in the hippocampus represents 

a critical transition from adaptation to vulnerability. Working memory deficits and 

alterations in synaptic plasticity demonstrate that persistent dysregulation of 

endocannabinoid lipid circuits can trigger a neurodegenerative cascade. In this context, the 

LPA1 receptor emerges as a critical mediator of obesity-associated synaptic damage, 

shifting the research focus from the regulation of food intake to the preservation of neuronal 

network integrity. The progression observed across the different Tasks highlights how 

molecular mechanisms that promote resilience under physiological conditions may, when 

chronically altered, contribute to the pathogenesis of cognitive deficits. 

Taken together, these findings demonstrate that the endocannabinoidome constitutes a 

central hub at which dietary, metabolic, and environmental signals converge. The quality of 

dietary lipids, microbiota-derived metabolites, and photic stimuli coordinately modulate 

endocannabinoid pathways that regulate synaptic release, neuronal excitability, and both 

short- and long-term plasticity. This convergence suggests that obesity is not merely a 

peripheral metabolic disorder, but rather a neuro-metabolic condition characterized by a 

profound reorganization of synaptic modulatory systems. The endocannabinoidome 

therefore emerges as a molecular platform through which the brain integrates information 

concerning nutritional status, intestinal microbial composition, and the light environment, 

dynamically adapting circuits involved in energy balance, arousal, and memory. 
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