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INTRODUCTION

Neuroinflammation: Molecular Mechanisms and Implications in

Neurodegenerative Diseases

Neuroinflammation is a complex response to injury, trauma, or infection. It's a key part
of the brain's immune system, which is biochemically linked to the rest of the body's
immune system (Bhardwaj et al., 2025). This inflammatory process can be a double-
edged sword; it represents a protective mechanism that helps repair damaged tissue and
disrupt pathogens (Bhatia et al., 2022). However, if neuroinflammation becomes chronic
or excessive, it can be destructive (Thakur et al., 2023). The over-activation of
inflammatory molecules can lead to significant damage to neurons and other brain cells.
This prolonged inflammatory state is implicated in various neurodegenerative diseases
(Dhapola et al., 2021).

Neuroinflammation causes neurodegeneration, characterised by the loss of physiological
neuronal structure and function (Piancone et al., 2021), or neuron death through various
mechanisms, including the release of cytokines by activated microglia, reactive
astrocytes, and infiltrating peripheral immune cells (Takeuchiet al., 2010).
Neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease
(PD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS), are characterised
by a progressive loss of neurons, accompanied by a gradual decline in cognitive and motor
functions (Rana et al., 2018). Among these, Alzheimer's is the most common form of
dementia, characterised by three main aspects: the extracellular deposition of senile
plaques, consisting of B-amyloid (A) protein aggregates, the intraneuronal accumulation
of hyperphosphorylated and misfolded tau protein, which gives rise to neurofibrillary
tangles, and, finally, progressive neuronal death (Bhardwaj et al., 2025). These
pathological events not only compromise brain function, but also activate the innate
immune response, which, while initially playing a protective role, can also promote the
onset of chronic neuroinflammation, thus contributing to the acceleration of
neurodegenerative processes (Rana & Musto, 2018).

These events trigger an innate immune response, which, although initially protective, can
contribute to the onset of chronic neuroinflammation and accelerate neurodegeneration

(Pascual et al., 2021). Although it may represent an attempt by the body to counter threats



and repair injuries, dysregulation of this process can lead to the propagation of
neuropathology. It is a feature present in most neurological disorders, where it often
contributes to the worsening of neurodegeneration (Heneka et al., 2013).

Brain damage and the accumulation of toxic proteins are recognised as danger signals by
the immune system. In the central nervous system (CNS), the main actors in this response
are microglia, astrocytes and oligodendrocytes, but neurons themselves can also
participate (Xie et al., 2020). Immune activation leads to the release of pro-inflammatory
cytokines and chemokines, which, if uncontrolled, fuel a persistent inflammatory state
with neurotoxic effects (Kaushal et al., 2015) (Aguzzi et al., 2013).

Microglia constantly monitor the local microenvironment and frequently respond to
pathogens or particles with directed processes or via migration to the corresponding site
(Wake et al., 2009).

They are implicated in the elimination of apoptotic cells and in the establishment of
functional synapses. (Kumar, 2019). Together with microglia, neuroinflammation
involves the activation of astrocytes, which are specialised cells of the CNS. Astrocytes
can acquire a neurotoxic phenotype, including in response to cytokines secreted by
microglia. Leukocytes, including T lymphocytes, monocyte-derived macrophages
(MdMs), and B lymphocytes, can infiltrate the CNS, further fuelling neuroinflammation
(Pascual et al., 2021).

A significant pathway leading to the development of inflammatory diseases involves the
activation of the inflammasome: a multi-protein complex that intensifies inflammatory

responses to both pathogenic and endogenous activators (Guo et al., 2015).

The Interplay Between PAMPs, DAMPs, and Toll-Like Receptors

Toll-like receptors (TLRs) are a class of pattern-recognition receptors (PRRs) that play a
central role in the activation of the immune system response.

TLRs were the first to be identified and are among the best understood mechanisms of
innate immune defence. These receptors are expressed in immune cells (such as
macrophages, B lymphocytes, and neutrophils), in non-immune cells (endothelial and
epithelial), and, in the CNS, mainly in glial cells, but also in neurons (Piancone et al.,

2021).



When TLRs are activated, they trigger a cascade of intracellular signals that aim to protect
the body and repair damaged tissues. However, their hyperactivation can alter the immune
balance, promoting a state of chronic inflammation that contributes to the progression of
neurodegenerative diseases (McKernan, 2020). Furthermore, under pathological
conditions, TLRs can even involve the peripheral immune system, aggravating neuronal
damage (Takeuchi & Akira, 2010). TLR activation occurs through the recognition of two
main categories of signals, PAMPs (Pathogen-Associated Molecular Patterns) and
DAMPs (Damage-Associated Molecular Patterns), acting as molecular sensors, they
trigger a complex net of molecular pathways (Kawasaki T. & Kawai, T, 2014)

PAMPs are molecules characteristic of pathogenic microorganisms, such as bacterial
lipopolysaccharides or viral RNA (Su et al., 2016). DAMPs are endogenous signals
released by damaged or stressed cells, such as misfolded proteins like A and tau protein,
extracellular ATP, and DNA fragments (Landreth & Reed-Geaghan, 2009).

In neurodegenerative disorders, DAMPs resulting from neuronal damage and the
accumulation of toxic proteins activate TLRs, thereby contributing to the amplification
of the inflammatory process and the progression of neuronal degeneration (Kinra et al.,
2022). Microglia are often the first to respond, recognising DAMPs and PAMPs (Pascual
et al., 2021), in the neurobiological model, microglia are considered the macrophages of

the CNS, functioning as sentinel innate immune cells (Kumar, 2019).

Cellular Mechanisms Underlying NLRP3 Inflammasome Activation

PRRs can be classified into four different families: TLRs, C-type lectin receptors (CLRs),
Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors
(NLRs) (Heneka MT, 2013). The most extensively studied of these sensors is the NOD-
like receptor of the pyrin family containing domain 3 (NLRP3) (Sharma & Kanneganti,
2016).

Research has focused on elucidating the mechanism of NLRP3 inflammasome activation
and its regulation, since there are a number of sensors capable of inducing its formation
(Hafner-Bratkovic¢ & Pelegrin, 2018). The process is initiated by a priming signal induced
by the stimulation of pattern-recognition receptors (PRRs). The PRRs then activate
nuclear factor kB (NF-kB), which transcribes NLRP3 and IL-1p. (Bauernfeind et al.,
2009).



The following event is the oligomerisation with the apoptosis-associated adaptor protein
speck-like containing a CARD (ASC), which leads to an activation platform, resulting in
the recruitment of pro-caspase-1 (Lu & Wu, 2015). After the inflammasome has been
formed, pro-caspase-1 is cleaved, leading to its activation. In turn, this results in the
cleavage of pro-IL-1b into its active form by caspase-1 (Mufioz-Planillo et al., 2013).
IL-1B is essential in neuroinflammation; it has been shown to increase in
neurodegenerative diseases, such as AD, where it upregulates amyloid precursor protein
(APP) gene expression, Tau hyperphosphorylation and memory impairment (Beyer et al.,
2020).

A strong connection exists between inflammasomes and autophagy, which is a key
process through which damaged proteins and organelles are recycled, and intracellular
pathogens are destroyed (Kuballa et al., 2012). Autophagy dysfunction has been
demonstrated to be a contributing factor to the development of inflammatory diseases,
such as inflammatory bowel disease, characterised by hyperinflammation and excessive
activation of inflammasomes (Levine et al., 2011).

In addition, it has been demonstrated that innate immune responses instigate autophagy
in response to infectious threats (Sun Q., 2017). Furthermore, inflammatory signals have
been shown to upregulate autophagy, thereby suppressing excessive responses and
protecting the host (Biasizzo & Kopitar-Jerala, 2020).

Autophagy is regulated by a wide panel of proteins, produced from autophagy-related
genes (Atg), including LC3, which is frequently used as a marker of autophagosome
production (Klionsky et al.,2016).

Autophagosome formation is initiated by the activation of the ULK kinase complex
(comprising ULK1 or ULK2, ATG13, FIP200 and ATG101), which targets the class III
PI3K complex (comprising Beclinl, VPS15, VPS34 and ATG14) (Kaur et al., 2015).
LC3 is necessary for expanding the autophagic membranes, and the resulting
autophagosome that fuses with a lysosome results in the degradation of the enclosed
material (Harris et al., 2017). As an important homeostatic mechanism for the degradation
and recycling of cytosolic components, autophagy enables the generation of amino acids
during starvation and the elimination of damaged and dysfunctional organelles (Biasizzo

& Kopitar-Jerala, 2020).



The interplay between neuroinflammation and apoptosis.

Programmed cell death (PCD) plays a crucial role in the pathogenesis of the CNS (Nelson
et al., 2018). AD and neuroinflammation, innate immune cells, such as microglia and
astrocytes, can trigger programmed cell death through multiple pathways, including
apoptosis, which is central to the pathogenesis of AD (Sharma & Kanneganti,
2016)(Nelson et al.,2012).

The resulting cell death may aim to eliminate AR and Tau deposits. In contrast,
inflammatory cell death can also be harmful, as it releases proinflammatory cytokines and
cellular contents that stimulate severe neuroinflammation (Tahara et al., 2006).
Apoptosis is the main form of PCD employed to maintain homeostasis in the CNS. It is
initiated by microenvironmental stimuli that activate initiator caspases (caspase-8 or -9),
which then activate effector caspases (caspase-3, -6 and -7) (Galluzzi et al., 2018). In AD,
AP and Tau deposits can lead to a dysregulation of apoptotic components, causing the
activation of the pro-apoptotic protein Bax and the downregulation of the anti-apoptotic
protein Bcl-2 (de Vasconcelos N. M., 2016).

Apoptosis is triggered either by the extrinsic or intrinsic pathway. Extracellular stimuli
activate extrinsic apoptosis through the formation of a death-inducing signalling complex
(DISC), which involves adaptor proteins (including TRADD and FADD) and pro-
caspase-8 (Kischkel et al., 1995). Effector caspases (caspase-3, -6 and -7) are then
activated by effector caspases (caspase-8) to drive further substrate cleavage and the
execution of apoptotic cell death (Slee et al., 2001).

Intrinsic apoptosis reacts to intracellular changes in equilibrium and involves the
activation of Bcl-2 family members, followed by the release of mitochondrial proteins
such as cytochrome c¢. Cytochrome ¢ binds to APAF-1 and activates caspase-9, which

then activates downstream effectors, caspases 3, 6, and 7 (Callens et al., 2021).



Exploring the Molecular Basis of Alzheimer’s Disease

AD is a neurodegenerative disorder and the most common cause of dementia, affecting
around 44 million people worldwide (Kamatham et al., 2024). The progression of the
disease varies, and symptoms, which include progressive memory loss and cognitive
decline, can develop over decades (Rajesh & Kanneganti, 2022).

At a molecular level, AD is characterised primarily by two abnormalities: B-amyloid
plaques and neurofibrillary tangles of tau protein (a type II microtubule-associated
protein). The deposition of B-amyloid plaques is caused by the cleavage of amyloid
precursor protein (APP) by B-secretase, followed by cleavage by y-secretase, which
generates neurotoxic amyloid  (AB) peptides (Chen et al., 2017).

AP is the main component that aggregates and oligomerises into insoluble structures.
These plaques disrupt cell communication, cause microglial activation and inflammation,
and ultimately lead to neuronal death (Chasseigneaux & Allinquant, 2012).

Tau protein is expressed in neurons, astrocytes and oligodendrocytes and normally binds
to microtubules to stabilise them. However, post-translational abnormalities can cause
hyperphosphorylated tau, which dissociates from microtubules and aggregates
intracellularly into neurofibrillary tangles (NFTs) (Alonso et al., 2018).

AP deposition, in turn, can exacerbate tau-mediated pathogenesis, contributing to
cognitive decline and dementia (Wesseling et al., 2020).

Several forms of programmed cell death play a significant role in neurodegeneration and
can be triggered by the assembly of multiprotein complexes, such as the NLRP3
inflammasome (Rajesh & Kanneganti, 2022).

Microglial activation is essential for clearing cellular debris and misfolded proteins (M1
phenotype), but chronic activation can be detrimental (Rea et al., 2018). The activation
of astrocytes and microglia releases pro-inflammatory cytokines, including IL-1f3, TNF-
a and IL-6, which can trigger tau hyperphosphorylation. Elevated levels of these
cytokines have been found in the serum and brain of AD patients. Caspase-1 activation
in AD leads to increased IL-1J release (Beyer et al., 2020).

Cytokines and chemokines, primarily produced by microglia and astrocytes, drive
neuroinflammation (Heneka et al., 2015).

They are involved in several processes, including chemoattraction, neuronal injury, and

cellular response to AP deposits (Zhang et al., 2020) and influence the development and



progression of AD (Beyer et al., 2020). Several disease conditions can release cytokines
into the brain, which have been associated with dementia and loss of neurocognitive
function (Dunn et al., 2005). Recent findings have also identified a mechanistic link
between cytokine storms, particularly synergism between TNF-o and IFN-y, and PCD 31,
defining cytokine storms as a life-threatening condition caused by excessive production
of cytokines mediated by inflammatory cell death (Karki & Kanneganti, 2021). The role
of TNF-a in AD is well-established, and there are links between cytokine storm and
neuroinflammation. This means that the process is likely to make the pathology of AD

worse (Vollmar et al., 2010).

Role of Oxidative Stress in the Pathogenesis of Alzheimer’s Disease

Oxidative stress is widely recognised as a possible key mechanism in the pathogenesis of
AD (Agrawal & Jha, 2020). In fact, in this context, an increase in the production of
reactive oxygen species (ROS) or a reduction in cellular antioxidant defences causes
oxidative damage to lipids, proteins and nucleic acids (DNA/RNA) in neurons
(Buccellato et al., 2021). In complex interactions with classic AD alterations, such as the
accumulation of amyloid-beta (AB) and hyperphosphorylated tau, oxidative stress
appears to be more than just a secondary effect. Rather, it is a cofactor that can promote
protein aggregation, as well as inflammatory and microglial responses (Alkhalifa et al.,
2025). Several ROS-mediated modifications that might be relevant for Alzheimer's
disease have already been reported, and more are expected to follow (Cho et al., 2009).
Studies on post-mortem human brains, including those in the early stages of cognitive
decline, have shown increased levels of markers of oxidation, in particular lipid
peroxidation, protein carbonylation, nitration and DNA damage, alongside a reduction in
antioxidant enzymes (Zafrilla P., 2006). These alterations are correlated with the degree
of cognitive impairment (Ansari & Scheff, 2010). Therefore, even though it is unclear
whether oxidative stress is a primary cause or a consequence of the neurodegenerative
process, there is a strong body of evidence suggesting that it is an essential element in
promoting and amplifies the progression of AD (Pohanka, 2014).

Even more intriguing, though, is the interplay between ROS and NLRP3 is crucial in the
context of neurotoxicity, particularly in neurodegenerative diseases (Ashrafian et al.,

2021). Oxidative stress and excessive ROS production are critical pathological



mechanisms driving neurodegeneration. Conversely, neuroinflammation, mediated by
NLRP3 inflammasome activation and the release of pro-inflammatory cytokines, is key
in exacerbating neuronal damage. A significant increase in ROS production upregulates

NLRP3 expression. (Chiang et al., 2025).

The Role of Microglia in Neuroinflammation

In the ageing brains of mice, rats, and primates, microglia are more sensitive to things
that cause inflammation, which is similar to what is seen in microglia in brains where
neurodegeneration is still happening (Perry & Teeling, 2013).

This phenomenon is termed 'priming'. Ageing may be associated with microglial
senescence, which could be a cause of priming. On the transcriptomic level, the
expression of endogenous ligands decreases with age, while the expression of factors
involved in host defence and neuroprotection increases (Hickman et al., 2013).

It is unknown yet whether age-related microglia priming is due to cells ageing on their
own or whether it's because they've been exposed to an old neural environment for a long
time.

Physiologically aged and senescence-accelerated mice showed signs of significant
microglia priming, marked by elevated levels of cytokines and ROS, along with
augmented phagocytic capability (Heneka et al., 2013).

This model demonstrated that environmental factors, such as neuronal ageing, can trigger
microglia priming. Gene expression for microglia priming revealed gene correlation
network analysis, featuring increased pattern recognition and expression of interferon
signalling genes.

A similar set of genes was seen in experiments with mice that have age-related dementia,
including APP/PS1 transgenic mice. Systemic inflammation may polarise microglia by

the reaction of the immune system in the body (Orre et al., 2013).



Role of microRNAs in neuroinflammation and neurodegenerative disorders

Recent evidence has highlighted the central role of non-coding RNAs, and in particular
microRNAs (miRNAs), in the fine regulation of neuroinflammatory responses and in the
molecular mechanisms underlying neurodegenerative diseases (Slota & Booth, 2019).
MiRNAs are a class of small regulatory RNAs (approximately 22 nucleotides in length)
that function by modulating gene expression in a post-transcriptional manner (Chen et al.,
2019). This modulation is achieved through the binding of miRNA to target mRNAs,
thereby either repressing their translation or inducing their degradation. Within the CNS,
they participate in the control of microglial activation, synaptic plasticity, autophagy,
oxidative stress responses and apoptotic pathways (O'Brien et al., 2018). Dysregulation
of specific miRNAs has been consistently reported in AD, where AP accumulation,
mitochondrial dysfunction and chronic inflammation alter the expression of miRNAs that
normally play a key role in maintaining inflammatory homeostasis (Gugliandolo et al.,
2020).

Numerous studies have demonstrated that miRNAs, including miR-146a, miR-155, miR-
34a, and miR-21, have the capacity to modulate pivotal inflammatory pathways, such as
NF-kB, NLRP3, IL-1B3, and TLR signalling. This regulatory process is pivotal in
determining the amplitude and duration of the neuroinflammatory response (Shah & Jain,
2024).

Furthermore, it has been demonstrated that miRNA-mediated regulation is implicated in
tau phosphorylation, synaptic dysfunction and alterations of autophagy flux, which are
features that contribute significantly to the pathogenesis of Alzheimer's disease (Kim,
2022). These findings lend support to the hypothesis that miRNAs function as an ancillary
regulatory layer, capable of integrating inflammatory, metabolic, and degenerative
signals. This integration offers both mechanistic insights and potential therapeutic targets
for complex neurological disorders (Shah & Jain, 2024). The advent of next-generation
sequencing (NGS) has made it possible to characterise the miRNA landscape with
unprecedented precision. Small RNA-seq is currently one of the most powerful
technologies for profiling regulatory small RNAs in a quantitative and unbiased manner

(Wang C. A., 2024).
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The analytical workflow typically involves adapter trimming, quality filtering, alignment
to reference genomes, identification of known and novel miRNAs, and differential
expression analysis (Cheng et al., 2013). This approach allows the investigation of subtle
transcriptional rewiring induced by inflammatory stimuli or pharmacological treatments
and is particularly suited to neurodegenerative models where regulatory mechanisms
operate at multiple levels (Schipper HM, 2007). Bioinformatic tools such as hierarchical
clustering, principal component analysis, and functional enrichment (GO/KEGG) enable
the integration of miRNA data with biological pathways, revealing networks implicated
in inflammasome activation, oxidative stress responses, apoptosis, and autophagy (Love
et al.,, 2014 ). Recent studies applying small RNA-seq to AD models have identified
miRNA signatures associated with early AP toxicity, microglial priming and synaptic
impairment, reinforcing the value of this technology for dissecting complex molecular
phenotypes (Yuen et al., 2021). Through comprehensive miRNA profiling, it becomes
possible to define regulatory patterns underlying neuroinflammatory responses and
evaluate how neuroprotective compounds, such as cannabinoids, modulate the post-

transcriptional landscape (Wang et al., 2011).

Structural and Functional Roles of Drebrin

Drebrin (DBN) plays a crucial role in synaptic plasticity and cytoskeletal remodelling. It
is also closely linked to ageing and cellular senescence, particularly in the brain (Shirao
etal., 2017).

DBN is an actin-binding protein highly expressed in the CNS, particularly in mature
neurons, where it plays a crucial role in modelling and stabilising dendritic spines
(Harigaya et al.,1996).

Its binding to actin filaments (F-actin) induces structural modifications resulting in
significant functional effects on cytoskeletal dynamics. In particular, DBN modifies the
helical pitch of actin filaments (Mizui, 2014).

The association of DBN induces an increase in helical twist, altering the conformation of
the filament and its interaction with other actin-regulating proteins. These structural
modifications give DBN-decorated F-actin unique physical and dynamic characteristics

compared to undecorated filaments (Peitsch et al., 2006).
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Notably, DBN slows down treadmilling by reducing the rate of monomer exchange at the
filament poles (Wilson et al., 2010). Treadmilling is a continuous process in which actin
monomers (G-actin) are continually added to the plus end of an actin filament and
removed from the minus end, maintaining a stable filament length while allowing
subunits to move through the filament (Koskinen et al., 2012).

Furthermore, the presence of DBN leads to reduced depolymerisation by decreasing the
rate of monomer loss from the pointed end, probably due to interference with the access
of depolymerising proteins such as cofilin (Wilson C. A., 2010). The result is greater
structural and thermal stability for decorated filaments, which are more resistant to
fragmentation and less sensitive to temperature changes (Shirao et al., 2017).

In a neuronal context, these effects lead to the stabilisation of dendritic spine structure
and the modulation of synaptic plasticity, as DBN helps to maintain the balance between
the stable (F-actin) and dynamic (G-actin) forms of actin (Wilson et al., 2010).

DBN disappears from dendritic spines in the brains of AD patients
(Harigaya et al., 1996), and its decline particularly affects neuronal developmental
processes, leading to pathological conditions where actin regulation is compromised, such

as neurodegenerative diseases.

Cannabinoid system implications in neuroinflammatory and oxidative stress

molecular patterns

Cannabinoids are of great interest, particularly concerning neurological and psychiatric
diseases involving neuroinflammation, neurodegeneration and pain (Duncan, 2022).

The cannabinoid system is complex and includes endogenous, phytocannabinoids, and
synthetic cannabinoids, along with their target receptors and enzymes (Vecchiarelli et al.,
2022).

Dysregulation of this system has been linked to neuroinflammatory, neurodegenerative
and algic processes. The role of the cannabinoid system in the nervous system is an
interesting aspect for further investigation on non-neuronal cells present in the CNS. For
instance, microglia cells are particularly relevant for the pathogenesis, maintenance or
attenuation of neurological disease (Kelly et al., 2020).

The primary endocannabinoid, N-arachidonoylethanolamine (anandamide or AEA), is a

fundamental component of the system (Duncan et al., 2024). AEA is metabolised by the
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enzyme fatty acid amide hydrolase (FAAH), which also breaks down related N-acyl
ethanolamine molecules, such as oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA) (Cabral et al., 2008). Reduced FAAH activity has been shown to lead to decreased
levels of IL-1a and TNF-a, suggesting that FAAH or the compounds it metabolises may
be involved in their basal regulation at the central level (Duncan et al., 2022). Conversely,
AEA is regarded as a possible modulator of inflammatory responses. It is synthesised by
the enzyme N-acylethanolamide-specific phospholipase D (NAPE-PLD). The increase in
neurite growth promoted by AEA may be protective, generating AEA that leads to the
observed increase (Berger et al., 2004).

Cannabidiol (CBD), a non-psychoactive cannabinoid derived from Cannabis sativa, has
been examined for its impact on lifespan and brain health, emphasising advantageous
anti-ageing characteristics (Cabral et al., 2008). Studies conducted using in vitro and in
vivo models (particularly the nematode worm C. elegans) have demonstrated that CBD
can extend lifespan and mitigate the effects of age-related physiological decline (Wang
etal., 2022).

Autophagy is the main molecular mechanism through which CBD exerts its anti-ageing
and neuroprotective effects. It is an evolutionarily conserved catabolic process that
eliminates defective cellular molecules and damaged intracellular components via
lysosome-mediated degradation (Aman et al., 2021).

Impaired autophagy is associated with accelerated ageing, whereas stimulating it can have
powerful anti-ageing effects (Madeo et al., 2010). CBD treatment has been shown to
trigger neuronal autophagy in both in vitro (SH-SY5Y neuronal cells and primary mouse
hippocampal neurons) and in vivo (C. elegans) models. The earliest response to CBD
treatment was shown by the nerve-ring neurons of C. elegans compared to other tissues
(Madeo et al., 2010).

CBD counteracts the decrease in autophagic activity typically observed in nerve-ring
neurons, knocking down autophagy genes (bec-1, vps-34 and sqst-1) via RNA
interference (RNAI), proving that all three are necessary for the enhancement of longevity
by CBD (Morselli et al., 2010).

Neuroprotection: CBD prevents the development of abnormal features (like beading and
blebbing) in tactile receptor neurons (TRNs) as we age. Treatment with CBD may help

maintain neuronal structure (Wang et al., 2022).
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CBD was found to enhance neurite outgrowth and increase dendritic spine density in SH-
SYS5Y neuronal cells and hippocampal neurons. These effects were counteracted by
inhibiting SIRT1, validating that SIRT1 plays a pivotal role in promoting CBD-facilitated
neurite growth (Morselli, 2010). As well as CBD also Cannabigerol (CBG) is also well-
known for its neuroprotective and anti-inflammatory properties (Gowran et al., 2011).

A protective effect is exerted by CBG in the in vitro neuroinflammation model proposed
by Gugliandolo et al., with a reduction in neuronal death, inflammation and oxidative
stress being key outcomes. By restoring levels of the transcription factor Nrf2, CBG could
represent a key regulator for redox homeostasis in neuronal cells, protecting them from
cellular damage induced by oxidative stress (Bryk & Starowicz, 2021).

The neuroprotective and differentiating actions of cannabinoids are not merely the result
of direct intracellular modulation but also involve the activation of specific signalling
pathways associated with the endocannabinoid system (Elmazoglu et al., 2020),

In this context, the cannabinoid receptors CB1 and CB2 act as key molecular mediators
translating cannabinoid exposure into cellular responses related to neuronal
differentiation, survival, and adaptation to stress (Vecchiarelli et al., 2022).

The levels of cannabinoid receptors (CB1 and CB2) increased in neural precursor cells
exposed to oxidative stress.The CB1 receptor is involved in promoting the differentiation
and maturation of neural stem cells, while the CB2 receptor is a key focus of cannabinoid
research (Compagnucci et al., 2013).

Activation of CB2 is generally considered to have anti-inflammatory properties and to be
involved in cytokine signalling (Olianas et al., 2021).

However, this effect can vary depending on ligand-specific signalling biases. CB2 plays
a role in schizophrenia, a condition associated with inflammatory risk factors and
microglia-mediated mechanisms (Atwood et al., 2012). In hippocampal microglia, CB2
receptors are implicated in memory-related behaviours (Young et al., 2021).

Both CBD and CBG appear to modulate the activity of the endocannabinoid system
through multifaceted mechanisms that may contribute to neuroprotection. This complex
regulatory network is involved in maintaining neuronal homeostasis and balancing

neuroinflammation (Howlett et al., 2017).
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BDNF in Alzheimer’s Disease, AB-Driven Neuroinflammation, and Its

Interaction with the Endocannabinoid System

The Brain-Derived Neurotrophic Factor (BDNF) plays a central role in neuronal survival,
synaptic plasticity, and cognitive function (Numakawa et al., 2010 ). In AD, a consistent
reduction in BDNF expression and TrkB signalling has been reported, although it remains
debated whether this decrease represents an early driver of synaptic vulnerability or a
downstream consequence of chronic neuroinflammation and AP toxicity (Soman et al.,
2025). B-amyloid accumulation suppresses BDNF transcription and impairs long-term
potentiation, thereby exacerbating dendritic spine loss and hippocampal circuit
dysfunction (Peng et al., 2005). Pro-inflammatory cytokines such as IL-1f3 and TNF-a
downregulate BDNF pathways, establishing positive feedback in  which
neuroinflammation reduces neurotrophic support, and diminished BDNF signalling in
turn facilitates inflammatory propagation and synaptic degeneration (Toader et al., 2025).
Growing evidence indicates a functional crosstalk between BDNF and the
endocannabinoid system (ECS) (Khaspekovet al., 2004). Neuronal CB1 and CB2
receptors activation enhances BDNF expression via ERK/CREB pathways, promoting
resilience against AB-mediated stress and restoring a microenvironment favourable to
BDNF-dependent neuroprotection (Yeh et al., 2017). Conversely, BDNF can regulate
endocannabinoid tone by modulating the synthesis and release of anandamide and 2-AG
(Burstein, 2018). This bidirectional interaction suggests that ECS modulation may

indirectly rescue impaired neurotrophic signalling in AD (Yeh et al., 2017).
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AIM OF THE STUDY

Given the growing evidence of the pivotal mechanisms underlying neuronal dysfunction
and death in AD as being oxidative imbalance and chronic neuroinflammation, this
experiment aimed to better characterise molecular mechanisms involved in
neuroinflammation, in particular, those associated with inflammasome activation and
autophagy, and to define a pattern of ncRNA associated with neuroinflammation

In this context, we wanted to elucidate the anti-neurodegenerative properties of
cannabinoids CBD and CBG.

Autophagy is a process whose role in neurodegeneration is still being debated, as it can
contribute to either neuronal survival or cell death, depending on the context.

By providing a deeper understanding of the molecular mechanisms, it would be
interesting to speculate how cannabinoids may exert therapeutic or preventive effects
against Alzheimer’s disease-related neurotoxicity.

A more comprehensive insight into how cell death pathways and innate immune sensors
regulate neuroinflammation and Ap/Tau clearance will be crucial for identifying
innovative molecular targets, paving the way for cannabinoid-based strategies aimed at

mitigating the progression of Alzheimer’s disease.
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METHODS

Cell cultures

Human neuroblastoma SH-SYS5Y cells and human microglial HMC3 cells, both
purchased from ATCC (Manassas, VA, USA), were used to reproduce key pathological
features associated with Alzheimer’s disease (AD). SH-SYSY cells were maintained in a
1:1 mixture of Eagle’s Minimum Essential Medium and F12 medium (EMEM/F12),
whereas HMC3 cells were cultured in Eagle’s Minimum Essential Medium (EMEM;
Sigma-Aldrich, St. Louis, MO, USA). Both media were supplemented with 10% fetal
bovine serum (FBS; ATCC, Manassas, VA, USA) and 1% penicillin—streptomycin
(Sigma-Aldrich, St. Louis, MO, USA). Cultures were kept at 37 °C in a humidified

incubator with 5% CO., and the medium was refreshed every 48 hours.

Cell treatments

To induce AD-like stress conditions, cells were exposed to oligomeric B-amyloidi-4.
B-amyloidi-«> was provided by GenScript (Piscataway, New Jersey, United States). The
peptide was prepared by diluting B-amyloidi-«2 in the respective culture media and
allowing it to oligomerize under agitation (100 rpm) for 1 hour at 37 °C. SH-SYS5Y and
HMC3 cells were subsequently treated with different concentrations of B-amyloidi-s2
oligomers, respectively 10 pM and 20 pM. All experiments were performed using cells
between passages 3 and 8 to ensure stable phenotypic characteristics. To obtain f-amyloid
oligomers, it was diluted in culture medium and stirred for 1 hour (100 rpm) at 37°C.
Both cell lines were triggered with B -amyloidi_4> oligomers for 72h, adding fresh medium
containing the stimulus, and on the third day, after 48h,  -amyloidi-4> was administered
concomitantly with cannabidiol (CBD) (Bio-Techne, Tocris, Minneapolis, MN, USA)
and cannabigerol (CBG) (Bio-Techne, Tocris, Minneapolis, MN, USA). B -amyloid;-42,
CBD and CBG were added to the medium, alone or in combination at different doses.
Doses and timing for B -amyloidi.4> stimulation were chosen based on data from
quantitative PCR analysis for inflammatory and apoptotic targets (Figure 3 and 4). CBD
and CBG doses were selected based on MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] data and NRF2 dose-response curve (Figure 2).

17



MTT assay

The MTT assay was used to assess cell viability and determine the cytotoxicity of CBD
and CBG. The MTT assay was used to assess cell viability and determine the cytotoxicity
of CBD, CBG. SH-SYS5Y cells were seeded at a density of 6 x 10* cells, while hMC3
cells were seeded at a density of 4 x 10* cells per well in a 96-well plate. Upon reaching
confluence, the cells were treated with CBD and CBG at concentrations of 1, 2.5, 5,10,
and 20 uM for 24 hours.

Then 5 mg/mL of tetrazolium dye MTT (Sigma Aldrich, St. Louis, MO, USA) was
thawed in sterile PBS, and 20 pL. were added into each well, two hours before the end of
the treatments. Twenty-four hours after the start of the treatment, the formazan crystals
were solubilised using 200 pL of dimethyl sulfoxide (DMSO). Cytotoxicity was
determined using a VICTOR Multilabel Plate Reader (PerkinElmer, Waltham, MA,
USA) at wavelengths of 540 and 620 nm. Data are expressed as a percentage of the

viability of the control cells.

RNA extraction and Quantitative RT-PCR

Both cellular lines were treated with different concentrations of B-amyloidi.4> at different
time-points to determine the optimal conditions for stimulation by quantifying the
expression of the main pro-inflammatory cytokines. After treatment, extraction of total
RNA was performed from SH-SYS5Y and hMC3 cells with PureLink RNA Mini Kit
(Invitrogen, Carlsbad, CA, USA) and quantified with a spectrophotometer (NanoDrop
Lite; Thermo Fisher Scientific). Total RNA (1 pg) was reverse transcribed in the cDNA
using SuperScript VILO Master Mix (Thermo Fisher, Waltham, Massachusetts, USA).

The obtained cDNA (1 puL) was added to the PowerUp SYBR Green Master Mix Master
Mix (AppliedBiosystem, ThermoFisher, Waltham, Massachusetts, USA) to measure the
mRNA level of target. QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems,
CA, USA) was used to perform qPCR and the GAPDH gene was used as the
housekeeping gene. The qPCR reaction was examined by using QuantStudio 6 Flex
(Thermo Fisher Scientific, Monza, MB, Italy), and the changes in mRNA expression were

2—AACT

measured using the method, using GAPDH as a housekeeping gene and the control

group as a calibrator. The primers for targets and reference genes are listed in Table 1.
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Evaluation of intracellular ROS Production

The anti-oxidant effect of natural compounds was evaluated in a model of
neuroinflammation triggered by f-amyloid 1-42 (GenScript, Hong Kong, China) using a
probe called CM-H2DCFDA. This probe can detect the production of intracellular ROS
in both cell lines. Cells were stimulated with B-amyloid, SH-SYS5Y cells at 10 uM, while
hMC3 at 20 uM, for 72h and treated with CBD, CBG, or a combination of the two for 24
hours. Fluorescein diacetate (FDA) is an esterase substrate that can be used to determine
enzymatic activity (the hydrolysis of the substrate and formation of the fluorescent
product) and cell membrane integrity.

The increase in fluorescence can be detected with a fluorescence microscope. This is due
to the oxidation of the probe. Excitation sources and filters appropriate for fluorescein
(FITC) are used.

Finally, the cells were incubated with 5 pL of the CM-H:DCFDA probe (Thermo Fisher,
Carlsbad, CA, USA) for 15 min 37 °C with 5% CO2. Following the cells were washed
with sterile PBS, the cells were observed under a fluorescent microscope, and the
fluorescent intensity was quantified using ImagelJ 1.53e software for Windows (Softonic,

Barcelona, Spain).

Western blot analysis

Cells treated were recovered using RIPA buffer (25 mM Tris/HCL, pH 7.4; 1.0 mM
EGTA; 1.0 mM EDTA) with NP40 (1%), phenyl methylsulfonyl fluoride (PMSF, 0.5%),
aprotinin, leupeptin and pepstatin (10 pg/mL each) and centrifuged at 15,000 rpm for 15
min at 4 °C to obtain the supernatant from each sample.

The total amount of protein was evaluated in cell supernatants using the Bradford method.
Then, 30 pg of protein was fractionated by electrophoresis on a 10% SDS polyacrylamide
gel and transferred to PVDF membranes (Bio-Rad, California, USA) using a specific
transfer buffer. After washing in a TBS-0.1% Tween buffer solution and incubating in a
5% non-fat dry milk solution, the membranes were incubated with a primary antibody
specific for: Caspase-3 (Cell Signaling, 9662S, Danvers, MA, USA), LC3B (Abcam,
ab192890, Cambridge, UK), P62 (Abcam, ab109012, Cambridge, UK), NLRP3 (Cell
Signaling, 151018S, Danvers, MA, USA), B-actin (Cell Signaling, 4967S, Danvers, MA,
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USA). Stock solution was diluted in TBS-0.1% Tween as required by data sheet and
incubated overnight, at 4 °C.

The following day, the membranes were washed three times with TBS-0.15% Tween
buffer. A secondary peroxidase-conjugated goat anti-rabbit or anti-mouse antibody
(GeneTex, Irvine, CA, USA) was then used for 1 hour at room temperature (RT) to bind
to and detect the target proteins, according to the antibody used.

After three further washes with TBS-0.15% Tween buffer, the membranes were analysed
using a chemiluminescence system (LumiGlo reserve; Seracare, Milford, MA, USA). An
image analysis system (C-DiGit, Li-Cor, Lincoln, NE, USA) was used to obtain and
quantify the images via scanning densitometry. The results were expressed as relative
integrated intensity, with B-actin (Cell Signalling Technology, Danvers, MA, USA) used

as a loading control.

Immunofluorescence

SH-SYSY cells were seeded at a density of 2 X 104 cell/well in 8-well chamber slides.
Cells were triggered with f-amyloid1-42 (10 uM). After 48h, B-amyloid1-42 (10 uM)
was administered concomitantly with CBD 10 uM and/or CBG 10 pM, alone and in
combination (CBD 10 uM CBG 7,5 uM) for 24h, the end of the treatments, cells were
fixed with 4% of paraformaldehyde (PFA) in 0.2 M phosphate buffer (pH 7.4) for 10 min
at RT; cells were washed 3 times for 10 min with sterile phosphate-buffered saline (PBS).
B -amyloid1-42 Cells were, also, incubated with 0.3% triton X-100 in PBS for 10 min to
induce permeabilization of the membranes and with 1% bovine serum albumin (BSA) in
PBS, for 1 h. at RT, in order to block non-specific binding sites. At the end of incubation,
cells were incubated with a rabbit polyclonal anti-DBN antibody (1:100 dilution)
(Abcam, ab60933, Cambridge, UK) overnight at 4 -C. The day after, cells were rinsed
with PBS and a FITC conjugated IgG anti-rabbit antibody was added (GeneTex, Irvine,
CA, USA) for 1 h. at RT, in order to detect the primary antibody. Nuclei were stained
with DAPI diluted to 1:1000 in PBS (Thermo Fisher Scientific, Carlsbad, CA, USA) for
10 min RT. At the end of this process, cells were rinsed in PBS, the coverslips were

mounted on slides and fluorescence was monitored using a fluorescent microscope.
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Samples were observed using a Zeiss LSM 510 confocal microscope, which was
equipped with an Argon laser (458 nm and 488 nm) and two HeNe lasers (543 nm and
633 nm).

All images were digitally scanned at a resolution of 8 bits into an array of 2048 x 2048
pixels. Optical sections of the fluorescent specimens were obtained at 488 nm with an
average scanning speed of 62 s and up to eight repetitions. The optimal resolution was
achieved by setting the pinhole, and contrast and brightness were established by
examining the brightest pixels and selecting settings that allowed clear visualisation of
structural details while maintaining pixel intensities close to 200. These parameters were
used for all observations. Digital images were subsequently cropped, and figure montages

were prepared using Adobe Photoshop 7.0.

Bioinformatic Methods
1. Raw Data Processing and Quality Control

The bioinformatic workflow began with the conversion of Illumina BCL files into
FASTQ format using the instrument’s standard base-calling pipeline. The quality of the
raw reads was then assessed, and all sequences underwent preprocessing with fastp, an
integrated solution for high-throughput FASTQ quality control. During this step, adapter-
contaminated reads, sequences containing more than 10% undetermined bases, and reads
with over half of their nucleotides exhibiting a Phred score below five were removed.
Standard quality indicators, including Q20, Q30 and GC content, were calculated for each
sample.Only reads meeting the required thresholds were retained as “clean reads” for
downstream analyses, ensuring that subsequent steps were not influenced by technical

artefacts or low-quality sequencing output.

2. Alignment to the Human Genome

Clean reads between 18 and 40 nucleotides in length—corresponding to the expected size
distribution of miRNAs and other small RNAs—were aligned to the human reference
genome using Bowtie. This aligner is particularly well suited for small RNA-seq because
of its ability to map short sequences with high sensitivity through a zero-mismatch seed

strategy.
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Mapping statistics were generated to evaluate the proportion of uniquely mapped and
multi-mapped reads, as well as the distribution of reads across exonic, intronic, intergenic

and repetitive regions.

3. Annotation of Known miRNAs

Annotated miRNAs were identified by comparing mapped reads with curated entries in
the miRBase database. This was achieved through miRDeep2, which integrates structural
and positional information, reconstructing precursor hairpin motifs and verifying the
compatibility of read stacks with canonical Drosha and Dicer cleavage patterns. This
approach allowed confident identification and quantification of all known human

miRNAs across the sequencing dataset.

4. Removal of Non-miRNA Small RNA Species

To avoid contamination by other classes of small RNAs, a hierarchical annotation
strategy was applied. Reads were sequentially matched against databases of rRNA, tRNA,
snRNA, snoRNA, repetitive elements and protein-coding transcripts. Each read was
assigned to the most likely origin based on biologically informed priority rules. This
ensured that only bona fide miRNAs and candidate novel miRNA sequences were
retained for further quantification and differential expression analysis.

The procedure effectively minimized false discovery due to cross-mapping or

misannotation of structurally similar small RNA species.

5. Novel miRNA Prediction

The identification of previously unannotated miRNAs was carried out with miREvo and
miRDeep2, which evaluate secondary structure characteristics, free energy folding
profiles, read-stack patterns and Dicer cleavage signatures. Only candidates that met
stringent structural and thermodynamic criteria were considered valid predictions. These
novel miRNA candidates were incorporated into the expression matrix together with

known miRNAs, thereby expanding the regulatory landscape assessed in the study.
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6. Quantification and Normalization of miRNA Expression

Expression levels for each miRNA, both known and novel, were calculated using the
Transcripts Per Million (TPM) normalization method. TPM accounts for differences in
sequencing depth among samples and enables direct comparison of miRNA abundance
across experimental conditions. TPM-based normalization is widely adopted in small
RNA sequencing studies due to its robustness and suitability for datasets with

heterogeneous total read counts.

7. Differential Expression Analysis

Differential expression analysis was performed using DESeq2 for all comparisons
involving biological replicates. DESeq2 models count data through a negative binomial
generalized linear model, estimating dispersion parameters and computing log2 fold
changes and Wald test statistics. Multiple testing correction was applied using the
Benjamini—-Hochberg false discovery rate (FDR), providing adjusted p-values to assess
statistical significance at the transcriptome level. In comparisons lacking replicate
structure, normalization and dispersion estimation relied on the Trimmed Mean of M-
values (TMM) method implemented in edgeR, which provides a reliable framework for
normalization in small RNA-seq datasets where replicate constraints limit variance

modelling. This dual strategy ensured statistical rigor across all conditions.

8. Prediction of miRNA Target Genes

To determine the potential regulatory impact of differentially expressed miRNAs, mRNA
targets were predicted using the complementary algorithms miRanda and RNAhybrid.
miRanda evaluates sequence complementarity and thermodynamic feasibility of
miRNA-mRNA interactions, whereas RNAhybrid identifies minimum free energy
hybridization sites within 3 untranslated regions. Target prediction was restricted to the
intersection of the two algorithms, thereby increasing the confidence of inferred

regulatory interactions and reducing false positives.
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9. Functional Enrichment and Pathway Analysis

Functional interpretation of miRNA-mediated regulatory effects was achieved through
enrichment analysis of the predicted target genes. Using the clusterProfiler framework,
both Gene Ontology (GO) terms and KEGG pathways were evaluated for significance
based on the adjusted p-values obtained from define it as False Discovery Rate (FDR)
correction. This analysis provided a comprehensive overview of biological processes and
molecular pathways modulated by the differentially expressed miRNAs, highlighting key
mechanisms implicated in apoptosis, mitochondrial dysfunction, oxidative stress, calcium
signaling and inflammatory responses. These enriched pathways were subsequently
integrated with experimental findings to contextualize the regulatory networks underlying

AB-induced cytotoxicity and cannabinoid-mediated neuroprotection.

Statistical analysis

All results are expressed as means and standard deviation (= SD). For different groups
analysis, t-test and two-way ANOV A with Tukey’s post-test for intergroup comparisons.
A p-value < 0.05 was considered significant. Graphs were realised using GraphPad
Prism10.

The KEGG enrichment analysis is not based on experimentally measured gene
expression, but on the predicted targets of differentially expressed miRNAs. Up- or down-
regulated miRNAs were mapped to their potential mRNA targets using established
prediction databases (TargetScan, miRanda, miRTarBase), and the resulting target list
was used to identify overrepresented pathways. Therefore, the enrichment reflects
biological processes that are potentially regulated by the altered miRNAs, rather than
direct changes in mRNA expression.

The p-value represents the statistical significance of a single test, while the adjusted p-
value (FDR), obtained by correction for multiple comparisons according to Benjamini-
Hochberg, controls the false positive rate in RNA-seq analyses. Although several
miRNAs showed low nominal p-values, none exceeded the significance threshold after
correction (padj < 0.05), suggesting that the observed changes represent biological

trends to be interpreted with caution.
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RESULTS

CBD and CBG, alone, do not significantly affect cell viability

Before testing anti-inflammatory mechanisms, MTT assays were conducted to determine
the nontoxic concentrations of the compounds (Figure I). Neither CBD nor CBG alone
significantly affected the viability of hMC3 (Panel A) and SH-SYSY (Panel B) cells at
concentrations of up to 10 uM. Whereas higher doses of both CBD and CBG, 15 and 20
uM, resulted in a significant (p < 0.0001) decrease in viability, suggesting potential
cytotoxicity at these levels. The trend was comparable across the two cell lines.

Combined treatments with nontoxic concentrations of CBD and CBG did not
significantly reduce viability in either model. Across all tested combinations, cell viability
remained close to control values, with only modest variations that did not suggest additive

or synergistic toxicity.

Dose-Response curves of NRF2 transcript expression

To determine the most appropriate concentrations for subsequent experiments, we first
evaluated the dose-dependent modulation of NRF2 transcript levels following exposure
to CBD or CBG (Figure 2). In hMC3 cells (Figure 2, Panel A), the induction of NRF2
by CBG was significantly higher compared to that of CBD. Across all concentrations
tested, CBG reached its peak induction (17.7 + 0.5 fold-change) at 7.5 uM and it was
maintained at 10.0 uM (p < 0.0005). A similar pattern was observed in SH-SY5Y cells
(Figure 2, Panel B), where CBG elicited a significant (p < 0.005) induction already at 5
uM, reaching the highest expression values at 7.5-10 uM (p < 0.0005). CBD displayed a
more moderate, gradual increase, reaching its peak at the concentration of 10 uM in both
hMC3 (p <0.005) and SH-SYS5Y (p < 0.0005) cell lines.

Based on these results, CBD at a concentration of 10 uM and CBG at a concentration of
5 uM and 7.5 pM (in SH-SY5Y) and 10 puM (in hMC3) were selected for subsequent

protective co-treatment experiments.
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Evaluation of chronic stimulation with B-amyloid; 4.

To assess the response of microglia to chronic stimulation by f-amyloid, hMC3 cells were
exposed to 20 uM of B-amyloid 1 4> for 24, 48 and 72 hours. RT-qPCR analysis of gene
expression revealed time-dependent changes in markers related to inflammasome
activation and apoptosis.

As showen in Figure 3, Panel A, in hMC3 exposure to -amyloid resulted a progressive
and significant increase in both NLRP3 and IL-1/ expression observed over time. NLRP3
transcript was significantly upregulated after 48h (p < 0.005) reaching the highest levels
of expression after 72 hours of B-amyloid exposure (p < 0.0005), indicating sustained
inflammasome activation. /L-1f showed a similar trend, with levels significantly
increased from 48 hours onwards (p < 0.005), reaching its maximum at 72 hours (p <
0.0005), compared to the control group.

Exposure to B-amyloid in SH-SYS5Y resulted in a significant increase in NLRP3 and /L-
1p expression after 72 hours (p < 0.0005) compared with the other timepoints, indicating
long-term activation of inflammasome-related signalling (Figure 3, Panel B).

These results suggest that the inflammasome pathway is activated and becomes
progressively more active following exposure to B-amyloid, consistent with the
development of a chronic inflammatory phenotype in microglial and neuroblastoma cells.
In addition, the expression of mitochondrial apoptosis-related genes was evaluated (BAX,
BCL2, CASP3 and CASPY) in both cell lines, to determine whether chronic f-amyloid
exposure triggers apoptotic signalling Figure 4.

In hMC3 cell (Figure 4, Panel A), a significant upregulation of CASP3, and CASP9Y was
observed, after 48 hours onwards (p < 0.05 and p < 0.005) with a further increase at 72
hours (p < 0.0005) for both targets, suggesting the activation of the intrinsic apoptotic
pathway. BCL2 expression showed a significant increase (p < 0.0005) at 48 hours
followed by a marked reduction at 72 hours, suggesting an early compensatory
mechanism that declines over time. Conversely, BAX significant upregulation was
observed after 72 hours (p < 0.0005).

In SH-SYS5Y, a significant upregulation of BAX, CASP3 and CASPY was observed from
48 hours onwards, with further increases at 72 hours (p < 0.0005), indicating the
activation of pro-apoptotic signalling pathways (Figure 5). In contrast, BCL2 expression

showed a significant induction at 24 hours (p < 0.0005) and decreased at successive time
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points, suggesting that early compensatory survival responses progressively diminish

with prolonged Api.42 exposure.

Cannabinoid Modulation of NLRP3 and IL-1f transcripts in p-Amyloid—
triggered cells

APi1.42 exposure (20 uM in hMC3; 10 uM in SH-SYS5Y) significantly upregulated the
mRNA expression of both NLRP3 and IL-1§ compared to the untreated control,
confirming the activation of an inflammatory response in both microglial and neuronal
cells (Figure 6). In hMC3 cells (Figure 6, Panel A) single treatments with CBD (10 uM)
or CBG (10 uM) significantly reduced AB-induced expression of NLRP3 (p < 0.0005 for
CBD 10 puM and p < 0.05 for CBG 10 uM).

CBD (10 uM) and CBG (10 uM) significantly reduce /L-1p levels (p < 0.0005 for CBD
10 uM and p < 0.0001 for CBG 10 uM) compared to cells treated with AB;.42 alone. The
combined treatment with CBD (10 uM) + CBG (7.5 uM) resulted in the strongest
decrease in both transcripts, indicating a more effective attenuation of the inflammatory
response than either compound alone. A similar trend emerged in SH-SYS5Y cells (Figure
7, Panel B). APi-42 induced a significant increase in both inflammatory markers (p <
0.0005 for NLRP3 and p < 0.0001 for IL-1p).

Consistent with the hMC3 results, co-treatment with CBD (10 uM) + CBG (5 pM)
produced the most significant reduction in NLRP3 and IL-1f mRNA expression,
supporting a higher anti-inflammatory effect when the two cannabinoids are administered

together (p < 0.0001 for NLRP3 and p < 0.005 for /L-1p).

Cannabinoid modulation of Intrinsic Apoptotic Signalling

To evaluate the anti-apoptotic efficacy of the cannabinoids, the expression of the
mitochondrial apoptosis-related genes, pro-apoptotic and anti-apoptotic, and their ratio
were analysed (Figure 7).

The ratio BAX/BCL2 serves as a critical indicator of the cell's commitment to the intrinsic
apoptotic pathway.

In hMC3 cells (Figure 7, Panel A), exposure to AB1.42 (20 uM) significantly upregulated
BAX expression (p < 0.005) compared to the control. Treatment with CBD 10 uM
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significantly reduced the ABi-42 (20 uM) induced transcription ( p < 0.005 ). Conversely,
the association of CBD 10 uM + CBG 7.5 uM significantly increased expression of BCL2
compared to the inflammatory condition APi4-induced (p < 0.005). Crucially,
stimulation led to a robust 3-fold increase in the BAX/BCL2 ratio ( p<0.0001) compared
to the CTRL, which was significantly reduced by CBD 10 uM alone (p<0.0001), CBG
10 uM alone (p < 0.0001), and most notably by the co-treatment (p < 0.0001).

A stronger apoptotic imbalance was observed in SH-SYSY cells (Figure 8, Panel B),
where ABi-42 (10 uM) induced a strong and significant increase in BAX transcription (p
<0.0001) and a tendency toward reduced BCL2. All treatments CBD (10 uM), CBG (7.5
uM), and the combination CBD (10 uM) + CBG (5 uM), significantly attenuated the Ap-
induced upregulation of BAX (p < 0.0001).

Furthermore, the and co-treatment resulted in the strongest induction of expression of
BCL2 (p<0.0001). The BAX/BCL? ratio was significantly exacerbated in SH-SY5Y Afi.
4 treated compared to the control condition (p < 0.0001), but all cannabinoid
treatments significantly reversed this pro-apoptotic shift and with the co-treatment
showing near complete restoration to control levels (p < 0.0001). These results indicate
that both cannabinoids effectively block the initiation of the mitochondrial apoptotic

pathway, with the combined treatment exerting the strongest overall protective effect.

Cannabinoid-Mediated Downregulation of Caspase-3 and Caspase-9

Transcripts

To further elucidate the mechanisms by which cannabinoids mitigate Api-42-induced
apoptosis, gene expression of Caspase-9 (CASPY), the initiator of the intrinsic
mitochondrial pathway, and Caspase-3 (CASP3), the primary executioner of apoptosis
was analysed. In hMC3 microglial cells (Figure 8, Panel A), exposure to AP1.42 triggered
a significant upregulation of both caspases compared to control levels (p < 0.0001),
confirming the activation of the apoptotic cascade. Treatment with CBD (10 uM) and
CBG (10 uM) significantly reduced this response (respectively p < 0.0005, p < 0.0001).
Specifically, for CASP3, the combined treatment (CBD 10 uM + CBG 7.5 uM) proved to
be the most effective intervention, reducing mRNA levels significantly more than either

cannabinoid alone.
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Regarding CASPY9, while single treatments with CBD (10 pM) showed a significant
efficacy (p < 0.0001), the co-treatment gave the best results in term of reduction of the
transcript levels compared to the APi-42-stimulated condition.

A similar pattern was observed in SH-SY5Y neuroblastoma cells (Figure 8, Panel B).
APi-42 stimulation induced a significant increase in CASP3 and CASPY transcripts (p <
0.0001). Both CBD (10 uM) and CBG (7.5 uM) administered independently, were able
to significantly reduce the expression of the executioner CASP3 (p < 0.0005). However,
the strongest modulation was again achieved with the CBD (10 uM) + CBG (5 uM) co-
treatment, which induced a significant downregulation of both the initiator (CASP9) and
executioner (CASP3) caspases (p < 0.0001 vs. AP), effectively counteracting the pro-
apoptotic signal engaged by the amyloid insult.

Western Blot Analysis

Western Blot analysis confirmed that in hMC3 B-amyloidi—42 (20 uM) stimulation caused
a significant increase (p < 0.0001) in the expression of NLRP3, key component of the
inflammasome (Figure 9, Panel A). Treatment with CBD (10 uM) and CBG (10 uM)
alone significantly reduced NLRP3 expression compared to the AP 1-s2 -treated cells, even
if the best results came from CBD (10 uM) + CBG (7.5 uM) combination (p<0.0001).
B-amyloidi-42 (20 pM) stimulation also resulted in a significant (p<0.0005) up-regulation
of Caspase-3, central executioner of apoptosis (programmed cell death). Consistent with
the other findings, both CBD (10 uM) and the combined CBD (10 uM) + CBG (7.5 uM)
treatment significantly (p < 0.0005) suppressed the B-amyloidi-+ -induced Caspase-3
expression. These findings suggest a neuroprotective, anti-inflammatory and anti-
apoptotic mechanism.

Treatment with B-amyloidi-s2 (20 pM) significantly increased the LC3B II/LC3B I ratio
(p < 0.0001) compared to the control (CTRL), suggesting an induction of autophagy or
an accumulation of autophagosomes (Figure 10). Treatment with CBD 10 pM or the
combination of CBD (10 uM) + CBG (7.5 uM) significantly reduced this ratio to levels
comparable to the control (p < 0.0001), indicating a potential restoration of autophagic
flux. Similarly, Beclin expression significantly (p < 0.0001) increases in cells triggered
with AB 1-22 (20 uM). The treatment with CBD (10 uM) and CBD (10 pM) alone
significantly reduced expression of Beclin (p<0.005), the association CBD (10 uM) +
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CBG (7.5 uM) combination significantly restored Beclin levels towards the control
baseline (p < 0.0001 vs AP 1-42 20 pM).

Consistently, in SH-SYSY cells exposed to -amyloidi-42 (10 uM), expression of NLRP3
and Caspase-3 was significantly augmented (p < 0.0001). CBD (10 uM) and CBG (7.5
uM) alone or in combination (CBD 10 uM + CBG 5 uM) significantly reduced APi-42-
triggered neuroinflammation. APi.42 treatment significantly increased autophagy markers
expression (p < 0.0001) compared to the control condition. LC3B II/I ratio showed
modulation consistent with cannabinoid-mediated regulation of autophagic flux, in
particular CBG (7.5 uM) and in association with CBD (10 uM) (p < 0.0001).

The trend of Beclin expression showed a moderate increase with CBD (10 uM) and a
significant reduction with the association of CBD (10 uM) + CBG (5 uM), compared to
cells triggered with APi.42 (Figure 10, Panel B).

ROS detection

To assess whether cannabinoids counteract the oxidative imbalance triggered by [-
amyloid, intracellular ROS levels were examined in hMC3 microglial cells and SH-SYS5Y
neuroblastoma cells using the CM-H.DCFDA fluorescence probe (Figure 11, Panels A
and B). In hMC3 cells, APi-42 exposure (20 pM) resulted in a significant increase in green
fluorescence intensity (p < 0.0001), indicating elevated ROS production compared with
untreated controls. Treatment with CBD (10 uM), CBG (10 uM) significantly reduced
ROS-associated fluorescence (p < 0.005), their combination (CBD 10 uM + CBG 7.5
uM), exhibited the most pronounced attenuation (p < 0.0001) referred to APi-4> treated
only cells. All images were acquired under identical exposure and gain settings and are
representative of three independent experiments.

A comparable pattern was observed in SH-SYSY cells, where B-amyloidi-42 (10 uM)
induced a strong oxidative impairment.

CBD (10 uM) significantly reduced ROS levels compared with ABi.4> stimulation alone
(p <0.005), while CBG (7.5 uM) produced an even stronger decrease (p < 0.0001).

The combined treatment (CBD 10 uM + CBG 5 puM) led to the most significant
attenuation of ROS accumulation among all conditions. Representative fluorescence
images, acquired under identical exposure settings, reinforce these findings and visually

confirm the cannabinoid-mediated reduction of B-amyloid—induced oxidative stress.

30



Cannabinoid-mediated modulation of BDNF expression in SH-SYSY cells

exposed to p-amyloidi42

To evaluate the neuroprotective and trophic potential of the treatments, the expression of
the brain-derived neurotrophic factor (BDNF) gene was investigated using RT-qPCR. As
shown in Figure 12, exposure of SH-SYS5Y treatment with cannabinoids resulted in
significant BDNF expression compared to the amyloid stress condition (Figure 12).
Notably, a single administration of 10 uM CBD and 7.5 uM CBG resulted in a significant
increase in transcript levels (p < 0.001 and p < 0.05, respectively, versus -amyloid). The
most significant effect was observed with co-treatment (CBD 10 uM + CBG 5 uM). The
combination of the two compounds increased BDNF expression by over 20-fold
compared to the control group (2"—AACt > 20). Statistical analysis confirmed that the
efficacy of the combined formulation was significantly higher than that of the group
treated with CBD and CBG alone (p < 0.0001), suggesting synergistic action between the

two cannabinoids in stimulating the synthesis of neurotrophic factors.

CBD and CBG restored DBN Expression and Cellular Morphology

Following B-amyloidi.42 exposure

Immunofluorescence microscopy was employed to evaluate the protective effects of
CBD) and CBG against -amyloid;.4> induced toxicity in SH-SY5Y neuroblastoma cells.
The analysis focused on the expression and distribution of DBN, a B-actin-binding protein
crucial for maintaining the integrity and structure of dendritic spines (Figure 13). DBN
was visualised using an indirect immunofluorescence technique (green signal via FITC-
conjugated secondary antibody), and cell nuclei were counterstained with DAPI (blue).
Untreated SH-SYSY cells exhibited a normal baseline cellular morphology. This was
characterised by a homogeneous, continuous, and intense DBN signal (green), reflecting
the physiological organisation of the B-actin cytoskeleton. Nuclei (blue) were normal and
uniformly distributed, showing no signs of cellular stress.

Exposure to B-amyloidi42 (10 uM) induced severe morphological damage. This was
primarily evidenced by a significant reduction in DBN expression signal intensity (p <

0.0001). Morphologically, the green signal appeared fragmented and sparse. Furthermore,
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the nuclei (blue) were more sparsely distributed, reflecting B-amyloidi-s> mediated
toxicity.

Treatment with CBD 10 pM partially restored DBN expression relative to the f-amyloid;-
a-treated samples. The fluorescence signal (green) appeared more continuous and denser.
The nuclear distribution (blue) was also closer to the control pattern, suggesting a
protective effect against cellular damage.

CBG 7.5 uM treatment resulted in a significant enhancement of DBN expression (p <
0.0001) compared to the B-amyloidi-4> condition. The significant recovery of the DBN
signal assessed the capacity of CBG to counteract ABi-42 induced loss of this key protein.
Co-treatment with CBD (10 pM) and CBG (5 uM) yielded the strongest recovery of DBN
expression. The green signal became dense and continuous, closely approximating the
healthy pattern observed in control cells. Concurrently, the nuclei were uniformly
distributed, indicating the most pronounced amelioration of AP _42-induced morphological

damage via a synergistic action of the two cannabinoids.

Bioinformatic Differential Expression Analysis

Differential expression analysis (p < 0.05) revealed that CBD (10 uM), CBG (10 uM) and
their combination CBD(10 uM) + CBG (7,5 uM), in hMC3, significantly modulated the
expression of several miRNAs dysregulated by APi-42. Volcano plots (Figure 14) show
differential miRNA expression analysis revealed distinct transcriptional responses to
APi1—42 exposure and cannabinoid treatments in both hMC3 and SH-SY5Y models.

In AB-treated microglia (Panel A), 42 miRNAs were significantly modulated (p < 0.05),
with 22 upregulated and 20 downregulated relative to untreated controls, indicating a
balanced yet substantial shift in miRNA expression following A exposure.

Treatment with CBD (10 puM) (Panel B) produced 58 significant changes, with a
predominance of downregulated miRNAs (28 down vs 30 up), suggesting that CBD
exerts a broad regulatory influence capable of reversing multiple AB-induced alterations.
Similarly, CBG (10 uM) treatment (Panel C) resulted in 29 differentially expressed
miRNAs (21 up, 8 down), indicating a more selective transcriptional response compared
with CBD. The combined CBD (10 uM) + CBG (10 uM) treatment (Panel D) induced
the largest modulation, with 109 miRNAs significantly affected (59 up, 50 down). This
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broader transcriptional reprogramming suggests additive or synergistic effects between
the two cannabinoids in reshaping microglial regulatory networks.

Exposure of SH-SYSY cells to ABi—s (Panel E) led to 55 differentially expressed
miRNAs (23 up, 32 down), revealing a strong imbalance characterised mainly by miRNA
suppression. Treatment with CBD (10 uM) (Panel F) produced a strong transcriptional
response, with 192 miRNAs significantly modulated (132 up, 60 down), indicating that
CBD robustly counteracts AB-driven miRNA alterations and activates additional
regulatory pathways. In contrast, CBG (5 uM) treatment (Panel G) generated a more
moderate profile, with 71 significant changes (50 up, 21 down), reflecting a milder but
still notable impact on neuronal miRNA expression. The combined CBD (10 uM) + CBG
(5 uM) treatment (Figure H) resulted in 70 modulated miRNAs (57 up, 13 down), again
showing a marked predominance of upregulated miRNAs, consistent with a restorative
or compensatory response counteracting AP toxicity. Across both cell types, APi—a
induced a characteristic but cell-type—specific miRNA dysregulation, whereas
cannabinoid treatments restored or reshaped these profiles to varying degrees. Notably,
the combination treatment produced the most extensive regulatory shift in microglia,
while CBD alone exerted the strongest effect in neurons. The predominance of
upregulated miRNAs under cannabinoid treatment suggests activation of compensatory
post-transcriptional programs associated with survival, stress mitigation and
inflammatory resolution.

In Tables 2 and 3, miRNAs of biological interest were identified by comparing those
dysregulated following APi—42 exposure with those subsequently restored by cannabinoid
treatments. These miRNAs were therefore selected for focused analysis, as they represent
key regulatory nodes potentially involved in effects of APi.42

and the protective mechanisms activated by cannabinoids. CBD downregulated miR-
592, miR-4787-3p, miR-548b-5p and miR-380-5p, all of which were strongly induced by
ABi-42. Conversely, miR-335-3p, miR-21-3p, miR-539-3p, miR-656-3p and miR-7974
were upregulated. CBG (10 pM) showed a partially overlapping profile, affecting miR-
592, miR-335-3p and miR-7974. The combined CBD CBG (10 uM) + CBG (7,5 uM)
treatment (MIX) exhibited the broadest range of modulation, regulating miR-1246, miR-
1260b, miR-378c, miR-4685-3p and miR-543 in addition to those targeted by the

individual cannabinoids. Globally, cannabinoids induced a coordinated shift in miRNA
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expression, involving regulators of inflammatory signalling, oxidative stress, and
apoptosis, suggesting that CBD, CBG, and their combination remodel the ncRNA
landscape disrupted by Ai-42 exposure.

Also, in SHSY-5Y treated with CBD (10 uM), CBG (7,5 uM) and their combination CBD
(10 uM) + CBG (5 uM) significantly modulated several miRNAs dysregulated by APi-42
in SH-SYSY cells (Table 3). CBD (10 uM) upregulated miR-103a-2-5p, miR-135a-5p,
miR-19b-3p, miR-301a-3p, miR-4521, miR-500a-5p, miR-502-5p, and let-7f-1-3p, while
downregulating novel 64. CBG (7,5 uM) produced a largely overlapping regulatory
profile, enhancing miR-103a-2-5p, miR-135a-5p, miR-19b-3p, miR-301a-3p, miR-4521,
miR-500a-5p and miR-362-5p, and additionally modulating miR-7974. The combined
treatment CBD(10 pM) + CBG (5 uM) resulted in positive modulation of the same main
miRNAs, miR-103a-2-5p, miR-135a-5p, miR-19b-3p, miR-301a-3p, miR-4521 and miR-
500a-5p. Overall, cannabinoid treatments produced coherent and partially overlapping
miRNA signatures across the three conditions, affecting miRNAs associated with

inflammatory signalling, apoptosis and oxidative stress regulation in SH-SY5Y neurons.

KEGG Enrichment Analysis

KEGG enrichment analysis of miRNA-predicted targets revealed that exposure of hMC3
microglia to ABi— induced a broad activation of apoptotic signalling pathways (Figure
16). Several components of the extrinsic apoptotic cascade, including Fas, TRAIL-R,
FADD and TRADD, were predicted to be upregulated, indicating enhanced death
receptor-mediated signalling. At the mitochondrial level, pro-apoptotic mediators such as
Bid, Bak, Bim, NOXA and PUMA were enriched among upregulated targets, while anti-
apoptotic regulators, including Bcl-2 and Bcl-xL tended to be downregulated. Pathway
nodes linked to endoplasmic reticulum stress, PERK, ATF4 and CHOP, also showed
positive enrichment, supporting the activation of unfolded protein response—associated
apoptosis. Caspase-related modules (CASP3, CASP6, CASP7), together with
mitochondrial destabilisation components such as cytochrome ¢ and Apaf-1, further
contributed to a transcriptional landscape consistent with enhanced apoptotic priming in
AB-treated microglia.

In contrast, hMC3 cells treated with CBD (10 uM) + CBG (10 pM) showed a marked

attenuation of this AB-driven apoptotic signature (Figure 17). Key pro-apoptotic genes,
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including FAS, TNFRSF1A, CASP8, CASP3, BAKI1 and BAX, were predicted to be
downregulated, while anti-apoptotic or pro-survival factors such as BCL2, BCL2LI,
MCLI and BIRC3 were upregulated. The cannabinoid combination additionally reduced
the expression of genes involved in mitochondrial outer membrane permeabilisation
(MOMP) and DNA fragmentation, indicating a coordinated suppression of both the
extrinsic and intrinsic apoptotic pathways and a shift toward a more cytoprotective
transcriptional state.

A comparable pattern was observed in SH-SYS5Y neurons. Exposure to ABi—42 (10 uM)
resulted in a robust activation of the KEGG apoptosis pathway (Figure 18), with
upregulation of pro-apoptotic factors in both pathway branches. Genes such as BAX,
BAKI1, BID, BAD, CASP9, CASP3, FAS, TNFRSFIA, TRADD and FADD were
consistently increased, while anti-apoptotic regulators (BCL2, BIRC2, BIRC3, MCLI)
were downregulated. This pattern reflects the well-established mitochondrial dysfunction
and caspase cascade activation elicited by A toxicity.

Conversely, treatment of SH-SYSY cells with CBD (10 uM) + CBG (5 uM) substantially
reversed this profile (Figure 19). Pro-apoptotic components such as FAS, TNFRSF1A,
TRADD, FADD, CASP8, CASP9, CASP3, BAX and BAK1 were downregulated, while
BCL2, BCL2L1, MCLI1, BIRC2 and BIRC3 were increased. The cannabinoid
combination also reduced the predicted activation of MOMP, further supporting a
suppression of mitochondrial apoptosis. Overall, the enrichment patterns demonstrate that
CBD + CBG counteract AB-induced apoptotic signalling in both microglial and neuronal
models, promoting a transcriptional environment that favours cell survival and

mitochondrial protection.
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DISCUSSION

The present study revealed that cannabidiol (CBD) and cannabigerol (CBG) have
significant anti-inflammatory, anti-apoptotic, antioxidant and neurotrophic properties in
both microglial (hMC3) and neuronal (SH-SY5Y) models of B-amyloidi-+-induced
neurotoxicity. The results consistently demonstrate that prolonged exposure to B-amyloid
oligomers (Ai-s2) in both hMC3 microglial cells and the SH-SY5Y neuronal model
reproduces many of the key pathological alterations that characterise Alzheimer's disease.
This multifactorial response is consistent with canonical models of chronic microglial
activation and neuronal damage, involving progressive activation of the NLRP3
inflammasome, increased IL-1B levels, ROS production, impaired mitochondrial
apoptosis, and autophagic dysfunction.

This chronic neuroinflammatory condition aligns with contemporary literature describing
the interactions between microglia, oxidative stress, and neurodegeneration (Heneka et
al., 2013). Neuroinflammation is a complex physiological response which, if prolonged
or excessive, becomes destructive and exacerbates neurodegenerative processes.
However, it is important to recognise that, although the concentrations of ABi-42 used are
standard in the field and in line with current scientific literature, they probably induce a
stronger and more synchronous inflammatory response than occurs physiologically.

The findings support the model that neuroinflammation is a self-amplifying process
involving inflammation, oxidative stress and mitochondrial dysfunction (Cho et al.,
2009). The increase in ROS observed in both cell lines following APi-42 exposure aligns
with extensive evidence indicating that ROS act as upstream activators of the NLRP3
inflammasome, thereby promoting IL-1f maturation and perpetuating a self-reinforcing
cycle of neuroinflammation and cellular damage. This relationship is well supported by
consolidated research showing that AB-induced mitochondrial dysfunction leads to the
release of mtROS and oxidised mtDNA, both of which serve as potent stimuli for NLRP3
activation (Vodovotz et al., 1996). Consistent with this framework, the proposed in vitro
model reproduces these dynamics in vitro: in hMC3 cells, oxidative stress precedes or
accompanies the upregulation of NLRP3 and the activation of Caspase-3, suggesting a
functional interdependence between mitochondrial injury, inflammasome activation, and

the progression of AB-mediated neurotoxicity (Chiang et al., 2025).
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AP oligomers act as DAMPs (damage-associated molecular patterns), activating pattern
recognition receptors (PRRs) and triggering the innate immune response of microglia.
Chronic exposure to AB1-42 resulted in a progressive and significant increase in NLRP3
and IL-1B expression in both cell lines, indicating prolonged inflammasome activation
and a chronic inflammatory phenotype. The activation of the NLRP3 inflammasome is a
crucial event in the pro-inflammatory response of microglia, leading to the maturation
and release of IL-1PB. Increased IL-1P levels are well documented in AD and are
associated with tau protein hyperphosphorylation, altered synaptic plasticity, and
progressive cognitive decline (Alonso et al., 2018).

Transcriptional analyses and Western blots revealed strong induction of caspase-3, the
main caspase executing the intrinsic apoptosis pathway, following stimulation with ABi-a2
in the cell models studied. Another interesting finding relates to the results concerning
LC3B and Beclin. APi-42 induces an increase in the LC3B II/I ratio and Beclin levels,
which suggests either an accumulation of autophagosomes or a blockage in the
autophagic flux. Inflammasome hyperactivation leads to autophagy impairment, resulting
in amplification of NLRP3 signalling (Mufioz-Planillo et al., 2013).

The findings support the hypothesis that cannabinoids can mitigate multiple mechanisms
of neurodegeneration that are relevant to Alzheimer's pathology. However, several
mechanistic aspects require cautious interpretation, as in vitro responses cannot be
linearly translated to in vivo systems.

Both CBD and CBG have demonstrated anti-inflammatory, anti-apoptotic, antioxidant
and neurotrophic properties in models stimulated by Ap.

Suppression of NLRP3 and IL-1p transcription, which has been confirmed at the protein
level for NLRP3, suggests interference with the events that control upstream
inflammasome activation.

One possible mechanism is the stabilisation of mitochondrial function and reduction of
ROS, given the strong correlation between oxidative stress and NLRP3 activation.
However, the current data do not analyse the temporal sequence of these events directly,
so alternative interpretations remain possible.

CBD and CBG were found to significantly attenuate AP-induced inflammatory
signalling, with the combined treatment consistently outperforming the individual

compounds. The suppression of NLRP3 and IL-1p transcription, which was confirmed at
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the protein level for NLRP3, suggests interference with the events that control the
assembly of the inflammasome.

In line with this, a reduction in ROS was observed in both hMC3 and SH-SYS5Y cells,
confirming the correlation between oxidative stress and NLRP3 activation. Nevertheless,
the current data do not analyse the temporal sequence of these events directly, and
alternative interpretations remain possible. CBD and CBG acted by restoring the
BAX/BCL?2 balance, inhibiting the transcription of both initiator (CASPY) and executor
(CASP3) caspases, and reducing Caspase-3 protein levels. These convergent results
suggest the intrinsic apoptotic pathway is blocked. Cannabinoid treatments restored
LC3B II/I ratios and normalised Beclin levels, suggesting an improvement in autophagic
clearance or relief from autophagy blockade. It is plausible, and methodologically correct
to emphasise, that the anti-apoptotic effects are downstream of the reduction in oxidative
stress and inflammasome, rather than independent. The research results indicate that
cannabidiol (CBD) and cannabigerol (CBG) have significant multi-target neuroprotective
effects against AB1-42-induced cytotoxicity. In parallel, the expression of Brain-Derived
Neurotrophic Factor (BDNF), a key element for neuronal survival, synaptic plasticity and
memory, which is typically reduced wunder conditions of AP stress and
neuroinflammation, was also significantly increased by cannabinoids in the SH-SY5Y
model. The CBD + CBG combination produced an increase of more than 20 times higher
than the control. Exposure to AP1-42 resulted in significant structural damage, as
evidenced by a reduction in DBN protein levels in SH-SY5Y neuronal cells. Since DBN
is essential for stabilising dendritic spines (the loss of which is an early event in
Alzheimer's disease pathogenesis), its decline indicates severe damage to the actin
cytoskeleton and structural plasticity. CBD and CBG, particularly when used together,
significantly restored DBN expression and neuronal morphology. The recovery of DBN
and cytoskeletal morphology provides strong functional evidence that cannabinoid
treatment helps to preserve neuronal structure under amyloid stress.

Across all results, the combination of CBD and CBG showed the strongest protective
effects consistently, suggesting additive or synergistic interactions. Overall, these
findings suggest that CBD and CBG have a multi-target neuroprotective effect, which is
consistent with the idea that complex neurodegenerative conditions could benefit more

from pleiotropic modulators than from single-target drugs.
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However, it is necessary to recognise the inherent limitations of immortalised cell lines,
supraphysiological AP concentrations and static exposure conditions before extrapolating
therapeutic implications. Despite these limitations, the simultaneous action of CBD and
CBG on trophism, synaptic structure and inflammatory pathways support their potential
application as pleiotropic modulators in the treatment of complex neurodegenerative
conditions.

Differential Expression Analysis identified a set of miRNA of biological interest, by
comparing those dysregulated following APi—s exposure with those subsequently
restored by cannabinoid treatments. Several miRNAs showed a characteristic pattern in
which their expression was significantly altered in response to AB-induced inflammation
and then reverted, partially or fully, toward control levels after treatment with CBD, CBG,
or their combination.

The miRNAs modulated by cannabinoids converge on several pathways central to
neuroinflammation, oxidative stress and apoptotic control. Many belong to regulatory
networks involving p53, PI3K/AKT, TGF-/Wnt, FOXO3 and caspase-8.

miR-380-5p, a direct negative regulator of p53 (Swarbrick et al., 2010), was reduced by
CBD and MIX, suggesting restoration of pS3-mediated apoptotic surveillance suppressed
by APi—42. miR-335-3p, miR-592 and miR-1260b target components of TGF-/Wnt,
FOXO3 and caspase-8, respectively, and therefore influence apoptotic and stress-
response pathways (Han et al., 2024). The consistent downregulation of miR-592 by all
treatments is particularly relevant, as this miRNA represses FOXO3, a key transcription
factor controlling antioxidant defences and inflammation; its overexpression has been
associated with exacerbated oxidative stress (Fu et al., 2022).

Cannabinoid-induced reduction of miR-592 is therefore consistent with the observed
decrease in ROS and inflammatory mediators. Similarly, miR-21-3p, which promotes
NF-kB signalling and PI3K/AKT activation through suppression of PTEN (Sheedy,
2015), was significantly reduced by CBD and MIX, counteracting an important pro-
inflammatory axis engaged by APi-+2. Members of the miR-19 family and miR-543, all
converging on PTEN and PI3K/AKT (Rivas et al., 2021; Scheper et al., 2023), were also
reshaped by cannabinoid exposure, supporting a global attenuation of PI3K/AKT-driven

inflammatory signalling.
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The pro-apoptotic and antioxidant effects of cannabinoids are further supported by
changes in miR-380-5p, which participates in redox-regulatory circuits (Wang et al.,
2021), and by upregulation of miR-335-3p, known to suppress PI3K/AKT survival
signalling (Bano et al., 2025).

Among inflammation-associated miRNAs, miR-539-3p, an inhibitor of LRP6 and Wnt
signalling (Tripathi et al., 2022), was strongly upregulated by CBD and MIX, potentially
counteracting Wnt hyperactivation linked to neuroinflammatory states. Additionally,
MIX increased miR-4685-3p, which may affect MMP9 activity (Ma et al., 2024),
suggesting cannabinoid-mediated modulation of matrix remodelling and extracellular
inflammatory processes. Altogether, these results indicate that cannabinoids exert their
neuroprotective effects not through a single pathway but by reconfiguring a network of
miRNAs that collectively regulate p53-dependent apoptosis, FOXO3-driven oxidative
stress responses, and PI3K/AKT- and Wnt-mediated inflammatory signalling. This
multilayered mechanism aligns with the broad biochemical and morphological protective
effects observed in APi-4-treated cells.

The miRNA modulation observed in SH-SYSY cells exposed to cannabinoids reveals a
regulatory landscape consistent with attenuation of APi-4«2-induced neurotoxicity.
Several of the miRNAs upregulated by CBD and CBG, including miR-103a-2-5p, miR-
135a-5p, miR-19b-3p, miR-301a-3p, miR-4521 and miR-500a-5p, are involved in
neuronal stress adaptation pathways or inflammatory control (Mingardi et al., 2023)
(Feng et al., 2019). For instance, miR-19 family members regulate PTEN and thereby
modulate PI3K/AKT signalling, a pathway disrupted early in Alzheimer’s disease and
strongly linked to synaptic failure and neuronal vulnerability (Li et al., 2019).

Their modulation by cannabinoids suggests a potential rebalancing of this central survival
pathway. Moreover, miR-135a-5p and miR-301a-3p have been implicated in apoptotic
regulation and cytoskeletal homeostasis, processes particularly sensitive to Ap-induced
toxicity (Mingardi et al., 2023).

AP exposure triggers p53 activation, BAX translocation and caspase-dependent neuronal
apoptosis (Zhang et al., 2021), and modulation of p53-related miRNAs, including
miRNAs that intersect with p53 or FOXO3 networks, may reflect a compensatory

mechanism aimed at restricting excessive programmed cell death.
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Exposure to APi— elicited a remarkably similar pro-apoptotic profile across both
microglial (hMC3) and neuronal (SH-SY5Y) models. In both cell types, the peptide
initiated the extrinsic death-receptor pathway by activating FAS and TNFRSF1A and
then propagating through TRADD and FADD to activate caspase-8.

This was accompanied by parallel amplification of the intrinsic mitochondrial apoptotic
process, as indicated by the activation of BID, BAX and BAK1, the release of cytochrome
c, and the subsequent activation of caspase-9. Meanwhile, key anti-apoptotic regulators,
including BCL2, BCL2L1, MCL1 and members of the BIRC family, were consistently
suppressed, further tipping the cellular balance towards apoptosis. In microglia, this
response also extended to ER stress-associated apoptosis, reinforcing the view that Af
induces a multidimensional apoptotic process that destabilises both the innate immune
system and neuronal compartments.

Treatment with CBD + CBG reversed these pathological signatures in both cell types.
The cannabinoid combination was associated with a reversal of predicted apoptotic
signalling and executioner caspases, restored mitochondrial stability by upregulating
BCL2 family survival factors and decreased markers associated with MOMP and
downstream DNA fragmentation. This coordinated suppression of extrinsic and intrinsic
apoptosis suggests that cannabinoids act at multiple hierarchical levels of the apoptotic
cascade rather than targeting a single node.

Overall, integrating results from both models reveals that A4 triggers a comprehensive
apoptotic response in microglia and neurons, while CBD and CBG together elicit a
unifying protective effect, reestablishing survival signals and counteracting molecular
pathways associated with apoptosis. This dual-cell-type protection highlights the
potential of cannabinoid combinations as multi-target modulators capable of mitigating
key degenerative processes relevant to Alzheimer's disease.

Despite the biological coherence of the observed miRNA patterns, some important
limitations must be acknowledged. First, although several miRNAs reached nominal
statistical significance, they did not withstand correction for multiple testing using False
Discovery Rate (FDR) adjustment. This statistical constraint indicates that the present
findings should be interpreted as exploratory and hypothesis-generating rather than
definitive. Independent validation in larger datasets will be required to confirm the

robustness of these associations.

41



Furthermore, the miRNA-target interactions identified in this study rely upon
bioinformatic predictive algorithms and established literature, rather than direct
functional verification. While the enrichment of predicted targets within the p53,
PI3K/AKT, FOXO3, and Wnt signalling pathways aligns with current biological
paradigms, these regulatory axes remain to be experimentally demonstrated. Future
investigations utilizing luciferase reporter assays or gain- and loss-of-function

experiments are requisite to empirically confirm these putative interactions.
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CONCLUSION

This study demonstrates that cannabidiol (CBD) and cannabigerol (CBG) reduce several
aspects of amyloid-beta (APi-42) induced toxicity in both neuronal and microglial cell
models. These effects include the reduction of neuroinflammation, oxidative stress,
mitochondrial dysfunction, apoptosis, altered autophagy and cytoskeletal damage.
Cannabinoids do not simply act as anti-inflammatories; their response profile involves
multiple functional levels, which is consistent with current interpretations of the
pathophysiology of Alzheimer's disease as discussed in the reference literature. While
each compound exerted a measurable protective effect, their co-administration produced
the most pronounced results in terms of molecular, biochemical and morphological
parameters.

Overall, the data suggest that CBD and CBG provide multidimensional protection in the
AD cell model and that a combination of the two is more effective than individual
treatments, indicating additive or potentially synergistic interactions. However, in the
absence of dedicated quantitative analyses, the nature of this interaction cannot be
formally defined.

While these results outline a simultaneous mitigation of oxidative, inflammatory,
apoptotic, and autophagic processes, they require cautious interpretation as the responses
observed in vitro are not directly translatable to in vivo or clinical systems. Future studies
should clarify the mechanisms underlying the interaction between CBD and CBG,
explore the temporal dynamics of molecular events modulated by treatments and verify
their reproducibility in primary cells and animal models of AD.

Despite these limitations, the obtained evidence reinforces the rationale for investigating
cannabinoids as potential modulators of the early neuroinflammatory and

neurodegenerative processes associated with amyloid pathology.
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GENE NAME

SEQUENCE

GAPDH HUMAN

Primer F
GAG TCA ACG GAT TTG GIC GT
Primer R

TTG ATT TTG GAG GGA TCT CG

NRF2 HUMAN

Primer F
AGA CTC CAA GGC GGTTGA A
Primer R

TGG GCA CTT GGA GTT GAA CT

IL-18 HUMAN

Primer F
GGG CCT CAA GGA AAA GAATC
Primer R

TTC TGC TTG AGAGGT GCT GA

TNF-a HUMAN

Primer F
TCCTTC AGA CAC CCT CAA CC
Primer R

AGG CCCCAGTTT GAATTCTT

IL-6 HUMAN

Primer F
TTT TCT GCC AGTGCCTCTTT
Primer R

TAC CCC CAG GAG AAG ATT CC

CASPASE-3

Primer F
GCA GAG TCA AAG GCT GGA AC
Primer R

GAG TCA ACCAAG TTC GCA CA

CASPASE-9

Primer F
GAT GCT GTC CCC TAT CAG GA
Primer R

GGG ACT GCA GGT CTT CAG AG

Table 1. Primers used for quantitative PCR.
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Figure 1. MTT assay following 24 h of incubation with CBD (1-20 uM), CBG (1-20uM) alone and in
combination in both hMC3 (A) and SH-SYS5Y (B).
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Figure 2. Dose-response curves of NRF2 transcript expression following treatment with
increasing concentrations of CBD or CBG.

NRF2 mRNA levels were quantified by RT-qPCR and expressed as 2"—-AACt relative to untreated
controls in hMC3 (A) and SH-SY5Y (B).
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Figure 3. Chronic p-amyloid exposure induces a time-dependent upregulation of inflammasome

components.
Gene expression analysis of NLRP3 and IL-1f in hMC3 (A) and SH-SY5Y (B) exposed to B-
amyloidi-s (20 uM) for 24, 48, and 72 hours. Data are expressed as 2"—AACt relative to untreated
control cells (CTRL). Values are presented as mean + SEM from three independent experiments.
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Figure 4. f-amyloid triggers a time-dependent modulation of apoptotic gene expression in
hMC3 microglial cells.
Expression levels of pro-apoptotic A) BAX, C) CASP3, D) CASP9 and anti-apoptotic C)
BCL2 genes in hMC3 cells exposed to B-amyloidi-s2 (20 pM) for 24, 48, and 72 hours. Data
are expressed as 2"—AACt relative to untreated control cells (CTRL). Values are presented as
mean + SEM from three independent experiments.
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Figure 5. f-amyloid triggers a time-dependent modulation of apoptotic gene expression in

SH-SYS5Y cells.
Expression levels of pro-apoptotic A) BAX, C) CASP3, D) CASP9 and anti-apoptotic C) BCL2

genes in hMC3 cells exposed to B-amyloidi-s2 (20 uM) for 24, 48, and 72 hours. Data are
expressed as 2" —AACt relative to untreated control cells (CTRL). Values are presented as mean +

SEM from three independent experiments.
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Figure 6. Gene expression analysis of inflammasome-related targets in cells exposed to f-amyloid;.

42 and treated with cannabinoids.

The graph reports the mRNA expression levels of NLRP3 and IL-1p in hMC3 (A) and SH-SYS5Y (B).
Data are expressed as 2"—AACt relative to untreated control cells (CTRL). Values are presented as mean +

SEM from three independent experiments.
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The graph reports the mRNA expression levels of BAX, BCL2 and related ratio in hMC3 (A) and SH-
SYSY (B). Data are expressed as 2"—AACt relative to untreated control cells (CTRL). Values are
presented as mean = SEM from three independent experiments.
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Figure 9, Western Blot Analysis of Autophagy and Inflammasome Markers in hMC3 (A) and
SH-SY5Y (B) cell lines triggered with B-amyloidi-« end treated with cannabinoids.

The expression levels of two inflammasome components, NLRP3, Caspase-3 (CASP3), were
analysed via Western Blot to evaluate the effects of f-amyloidi-s (20 uM) and the potential
neuroprotective effects of cannabinoids. B-actin was used as a loading control for all panels.
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Figure 10. Western Blot Analysis of Autophagy and Inflammasome Markers hMC3 (A) and SH-
SY5Y (B) cell lines triggered with p-amyloidi-s: end treated with cannabinoids.

The expression levels of two autophagy key targets Beclin,and LC3B I/II were analysed via
Western Blot to evaluate the effects of f-amyloidi-«2 (20 uM) and the potential neuroprotective
effects cannabinoids. B-actin was used as a loading control for all panels.
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Figure 12. BDNF mRNA expression in SH-SYSY cells following f-amyloid stimulation and
cannabinoids treatments. The graph shows the relative mRNA expression levels of BDNF in SH-
SYS5Y cells. Data are expressed as 2"—AACt relative to untreated control cells (CTRL). Values are

presented as mean = SEM from three independent experiments.
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Figure 13. Cannabinoid-mediated protection from f-amyloid induced DBN loss in SH-SYS5Y cells.
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Figure 14. Volcano plots of differential comparisons in HMC3 and SHSYS5Y. Each point represents
a gene; the x-axis shows log:(fold change), while the y-axis represents —log(p-value). Red dots
indicate significantly up-regulated genes (p < 0.05), green dots indicate significantly down-regulated
genes, while blue dots represent non-significant genes. The eight panels show, respectively: A)
hMC3A vs hMC3CTRL (effect of stimulation with APi_+2), B) hMC3CBD vs hMC3A (effect of
treatment with CBD), C) hMC3CBG vs hMC3A (effect of treatment with CBG), D) hMC3MIX vs
hMC3A (combined effect of CBD+CBG), E) SHSY-5YA vs SHSY-5YCTRL (effect of stimulation
with ABi_+2), F) SHSY-5YCBD vs SHSY-5YA (effect of treatment with CBD), G) SHSY-5YCBG vs
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Treatment miRNA log:FoldChange | log2FoldChange with
with f3 - B -Amyloid +
Amyloid Treatment
CBD (10 pM) hsa-miR-194-3p 1,582928401 -1,578999663
CBD (10 pM) hsa-miR-21-3p -1,200186783 1,529699818
CBD (10 pM) hsa-miR-335-3p -1,413765704 1,073562284
CBD (10 pM) hsa-miR-380-5p -1,125531504 1,376085209
CBD (10 pM) hsa-miR-4787-3p 3,056354055 -3,60826676
CBD (10 pM) hsa-miR-539-3p -3,155319241 2,672778785
CBD (10 pM) hsa-miR-548b-5p 1,236973973 -1,385341649
CBD (10 pM) hsa-miR-592 3,192455745 -3,215375204
CBD (10 pM) hsa-miR-656-3p -1,509926239 1,349674193
CBD (10 pM) hsa-miR-7974 -1,021311665 1,091409739
CBG (10 pM) hsa-miR-1257 -1,358756804 1,673844317
CBG (10 pM)g hsa-miR-335-3p -1,413765704 1,140727494
CBG (10 pM) hsa-miR-592 3,192455745 -3,037465479
CBG (10 pM) hsa-miR-7974 -1,021311665 1,730146342
CBD(10 pM) + CBG (7,5 pM) hsa-miR-1246 1,296362861 -1,400877809
CBD(10 pM) + CBG (7,5 pM) hsa-miR-1260b 1,098228579 -1,245417387
CBD(10 pM) + CBG (7,5 pM) hsa-miR-194-3p 1,582928401 -1,927101541
CBD(10 pM) + CBG (7,5 pM) hsa-miR-21-3p -1,200186783 1,072814151
CBD(10 pM) + CBG (7,5 pM) hsa-miR-1246 1,296362861 -1,400877809
CBD(10 pM) + CBG (7,5 pM) hsa-miR-1260b 1,098228579 -1,245417387
CBD(10 pM) + CBG (7,5 pM) hsa-miR-21-3p -1,200186783 1,072814151
CBD(10 pM) + CBG (7,5 pM) hsa-miR-335-3p -1,413765704 1,002230763
CBD(10 pM) + CBG (7,5 pM) hsa-miR-378c 1,047024649 -1,33769429
CBD(10 pM) + CBG (7,5 pM) hsa-miR-380-5p -1,125531504 1,060469106
CBD(10 pM) + CBG (7,5 pM) hsa-miR-4685-3p 2,088655755 -2,037308709
CBD(10 pM) + CBG (7,5 pM) hsa-miR-539-3p -3,155319241 2,486327502
CBD(10 pM) + CBG (7,5 pM) hsa-miR-543 -1,049990076 1,108575346
CBD(10 pM) + CBG (7,5 pM) hsa-miR-592 3,192455745 -3,530838139
CBD(10 pM) + CBG (7,5 pM) hsa-miR-656-3p -1,509926239 1,902361246

Table 2. Differential expression of miRNAs following treatment with CBD, CBG, or their
combination (mix), relative to f-amyloid and control conditions in A) hMC3.
The column log:FoldChange Treatment reports the differential expression of each miRNA in the
indicated treatment condition (CBD, CBG, or mix) relative to Ai--stimulated cells. The column
log:FoldChange [-Amyloid displays the expression change of the same miRNAs relative to untreated
control cells. Positive values indicate upregulation, negative values indicate downregulation.
miRNAincluded showed p value < 0.05.
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Treatment miRNA log2FoldChange | log:FoldChange
with  -Amyloid | with f -Amyloid
+ Treatment

CBD(10 pM) hsa-let-7f-1-3p -4,749428097 4,457809764
CBD(10 pM) hsa-miR-103a-2-5p | -1,531182262 3,664879912
CBD(10 pM) hsa-miR-135a-5p -1,149372986 1,657005241
CBD(10 pM) hsa-let-7f-1-3p -4,749428097 4,457809764
CBD(10 pM) hsa-miR-103a-2-5p | -1,531182262 3,664879912
CBD(10 pM) hsa-miR-19b-3p -1,984884606 1,80212982
CBD(10 pM) hsa-miR-301a-3p -2,112501185 2,823325355
CBD(10 pM) hsa-miR-4521 -1,391567943 1,112146363
CBD(10 pM) hsa-miR-500a-5p -1,023772367 2,092730692
CBD(10 pM) hsa-miR-502-5p -1,554857294 2,17097681
CBD(10 pM) novel 64 1,29686787 -1,601415341
CBD(10 pM) hsa-miR-4521 -1,391567943 1,112146363
CBG (7,5 uM) hsa-miR-103a-2-5p | -1,531182262 2,123213696
CBG (7,5 uM) hsa-miR-500a-5p -1,023772367 2,092730692
CBG (7,5 uM) hsa-miR-135a-5p -1,149372986 1,700669351
CBG (7,5 uM) hsa-miR-19b-3p -1,984884606 2,995067001
CBG (7,5 uM) hsa-miR-301a-3p -2,112501185 2,186220557
CBG (7,5 uM) hsa-miR-362-5p -1,0905642 1,249764251
CBG (7,5 uM) hsa-miR-4521 -1,391567943 2,302899239
CBG (7,5 uM) hsa-miR-500a-5p -1,023772367 1,227350387
CBG (7,5 uM) hsa-miR-4521 -1,391567943 2,302899239
CBG (7,5 uM) hsa-miR-7974 -1,269387688 1,146020303
CBD(10 pM) + CBG (5 pM) | hsa-miR-103a-2-5p | -1,531182262 2,894918926
CBD(10 pM) + CBG (5 pM) | hsa-miR-135a-5p -1,149372986 1,567485993
CBD(10 pM) + CBG (5 pM) | hsa-miR-19b-3p -1,984884606 1,79163855
CBD(10 pM) + CBG (5 pM) | hsa-miR-301a-3p -2,112501185 2,341468648
CBD(10 pM) + CBG (5 pM) | hsa-miR-4521 -1,391567943 1,438483267
CBD(10 pM) + CBG (5 pM) | hsa-miR-500a-5p -1,023772367 1,501787811

Table 2. Differential expression of miRNAs following treatment with CBD, CBG, or their
combination (mix), relative to f-amyloid and control conditions in B) SHSYSY.

The column log:FoldChange Treatment reports the differential expression of each miRNA in the
indicated treatment condition (CBD, CBG, or mix) relative to APi-s-stimulated cells. The column
log:FoldChange [-Amyloid displays the expression change of the same miRNAs relative to untreated
control cells. Positive values indicate upregulation, whereas negative values indicate downregulation. This
dual comparison highlights treatment-induced miRNA modulation in contrast to B-amyloid—driven
dysregulation. miRNAincluded showed p value < 0.05.
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MIX

Figure 15. Venn diagram showing the overlap of significantly regulated miRNAs (p < 0.05) in
hMQC3 cells (A) and (B) SHSY-5Y treated with CBD, CBG, or the combined treatment (MIX).
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Figure 16. KEGG Apoptosis pathway enrichment in hMC3 cells treated with Afi-+z (20 uM)

compared to untreated controls.
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Figure 19. KEGG Apoptosis pathway enrichment in hMC3 cells treated with CBD (10 uM) + CBG

(10 uM) compared to Afi-+: (10 uM) conditions.
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Figure 18. KEGG Apoptosis pathway enrichment in SH-SY5Y cells treated with Afi-4: (10 uM)

compared to untreated controls.
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Figure 19. KEGG Apoptosis pathway enrichment in SH-SY5Y cells treated with CBD (10 uM) +

CBG (5 uM) compared to Af1-: (10 uM) conditions.

63



REFERENCES

Aguzzi, A., Barres, B. A., & Bennett, M. L. (2013). Microglia: scapegoat, saboteur, or
something else?. Science (New York, N.Y.), 339(6116), 156-161.

Alonso, A., Cohen, L., Corbo, C., Morozova, V., Elldrissi, A., Phillips, G., & Kleiman,
F. (2018). Hyperphosphorylation of Tau Associates With Changes in Its Function
Beyond Microtubule Stability. Frontiers in cellular neuroscience.

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I., Simon, A. K., Bjedov, L.,
Palikaras, K., Simonsen, A., Johansen, T., Tavernarakis, N., Rubinsztein, D. C.,
Partridge, L., Kroemer, G., Labbadia, J., & Fang, E. F. (2021). Autophagy in
healthy aging and disease. Nature aging, 1(8), 634—650.

Bauernfeind, F., Horvath, G., Stutz, A., & Alnemri, E. (2009).Cutting edge: NF-kappaB
activating pattern recognition and cytokine receptors license NLRP3
inflammasome activation by regulating NLRP3 expression. Journal of
immunology, 183(2).

Berger, C., Schmid, P. C., Schabitz, W. R., Wolf, M., Schwab, S., & Schmid, H. H.
(2004). Massive accumulation of N-acylethanolamines after stroke. Cell
signalling in acute cerebral ischemia?. Journal of neurochemistry, 88(5), 1159—
1167.

Beyer, M. M. S., Lonnemann, N., Remus, A., Latz, E., Heneka, M. T., & Korte, M.
(2020). Enduring Changes in Neuronal Function upon Systemic Inflammation Are
NLRP3 Inflammasome Dependent. The Journal of neuroscience : the official
Jjournal of the Society for Neuroscience, 40(28), 5480-5494.

Biasizzo, M., & Kopitar-Jerala, N. (2020). Interplay Between NLRP3 Inflammasome and
Autophagy. Frontiers in immunology, 11, 591803.

Callens, M., Kraskovskaya, N., Derevtsova, K., Annaert, W., Bultynck, G.,
Bezprozvanny, 1., & Vervliet, T. (2021). The role of Bcl-2 proteins in modulating
neuronal Ca®' signaling in health and in Alzheimer's disease. Biochimica et
biophysica acta. Molecular cell research, 1868(6), 118997.

Chasseigneaux, S., & Allinquant, B. (2012). Functions of Abeta, sAPPalpha and
sAPPbeta: Similarities and differences. Journal of Neurochemistry, 120.

Chen, G. F., Xu, T. H., Yan, Y., Zhou, Y. R., Jiang, Y., Melcher, K., & Xu, H. E. (2017).
Amyloid Dbeta: structure, biology and structure-based therapeutic
development. Acta pharmacologica Sinica, 38(9), 1205-1235.

Cho, D. H., Nakamura, T., Fang, J., Cieplak, P., Godzik, A., Gu, Z., & Lipton, S. A.
(2009). S-nitrosylation of Drpl mediates beta-amyloid-related mitochondrial
fission and neuronal injury. Science (New York, N.Y.), 324(5923), 102—-105.

Compagnucci, C., Di Siena, S., Bustamante, M. B., Di Giacomo, D., Di Tommaso, M.,
Maccarrone, M., Grimaldi, P., & Sette, C. (2013). Type-1 (CB1) cannabinoid
receptor promotes neuronal differentiation and maturation of neural stem
cells. PloS one, 8(1), e54271.

64



Dhapola, R., Hota, S. S., Sarma, P., Bhattacharyya, A., Medhi, B., & Reddy, D. H. (2021).
Recent advances in molecular pathways and therapeutic implications targeting
neuroinflammation for Alzheimer's disease. Inflammopharmacology, 29(6),
1669—-1681.

Duncan, R. S., Riordan, S. M., Hall, C. W_, Payne, A. J., Chapman, K. D., & Koulen, P.
(2022). N-acylethanolamide metabolizing enzymes are upregulated in human
neural progenitor-derived neurons exposed to sub-lethal oxidative
stress. Frontiers in cellular neuroscience, 16, 902278.

Dunn, N., Mullee, M., Perry, V. H., & Holmes, C. (2005). Association between dementia
and infectious disease: evidence from a case-control study. Alzheimer disease and
associated disorders, 19(2), 91-94.

Galluzzi, L., Vitale, 1., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., Alnemri,
E. S., Altucci, L., Amelio, 1., Andrews, D. W., Annicchiarico-Petruzzelli, M.,
Antonov, A. V., Arama, E., Baehrecke, E. H., Barlev, N. A., Bazan, N. G.,
Bernassola, F., Bertrand, M. J. M., Bianchi, K., Blagosklonny, M. V., Kroemer,
G. (2018). Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell death and
differentiation, 25(3), 486-541.

Gowran, A., Noonan, J., & Campbell, V. (2011, 17). The multiplicity of action of
cannabinoids: Implications for treating neurodegeneration. CNS Neuroscience
and Therapeutics, 637-644.

Gugliandolo, A., Pollastro, F., Grassi, G., Bramanti, P., & Mazzon, E. (2018). In Vitro
Model of Neuroinflammation: Efficacy of Cannabigerol, a Non-Psychoactive
Cannabinoid. International journal of molecular sciences, 19(7), 1992.

Guo, H., Callaway, J. B., & Ting, J. P. (2015). Inflammasomes: mechanism of action,
role in disease, and therapeutics. Nature medicine, 21(7), 677-687.

Hafner-Bratkovi¢, 1., & Pelegrin, P. (2018). Ion homeostasis and ion channels in NLRP3
inflammasome activation and regulation. Current opinion in immunology, 52, 8—
17.

Harigaya, Y., Shoji, M., Shirao, T., & Hirai, S. (1996). Disappearance of actin-binding
protein, drebrin, from hippocampal synapses in Alzheimer's disease. Journal of
neuroscience research, 43(1), 87-92.

Heneka, M. T., Kummer, M. P., Stutz, A., Delekate, A., Schwartz, S., Vieira-Saecker, A.,
Griep, A., Axt, D., Remus, A., Tzeng, T. C., Gelpi, E., Halle, A., Korte, M., Latz,
E., & Golenbock, D. T. (2013). NLRP3 is activated in Alzheimer's disease and
contributes to pathology in APP/PS1 mice. Nature, 493(7434), 674—678.

Heneka, M. T., Carson, M. J., El Khoury, J., Landreth, G. E., Brosseron, F., Feinstein, D.
L., Jacobs, A. H., Wyss-Coray, T., Vitorica, J., Ransohoff, R. M., Herrup, K.,
Frautschy, S. A., Finsen, B., Brown, G. C., Verkhratsky, A., Yamanaka, K.,
Koistinaho, J., Latz, E., Halle, A., Petzold, G. C., Kummer, M. P. (2015).
Neuroinflammation in Alzheimer's disease. The Lancet. Neurology, 14(4), 388—
405.

65



Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C., Means,
T. K., & El Khoury, J. (2013). The microglial sensome revealed by direct RNA
sequencing. Nature neuroscience, 16(12), 1896—1905.

Jekabsone, A., Mander, P. K., Tickler, A., Sharpe, M., & Brown, G. C. (2006). Fibrillar
beta-amyloid peptide Abetal-40 activates microglial proliferation via stimulating
TNF-alpha release and H202 derived from NADPH oxidase: a cell culture
study. Journal of neuroinflammation, 3, 24.

Karki, R., & Kanneganti, T. D. (2021). The 'cytokine storm': molecular mechanisms and
therapeutic prospects. Trends in immunology, 42(8), 681-705.

Kaur, J., & Debnath, J. (2015). Autophagy at the crossroads of catabolism and
anabolism. Nature reviews. Molecular cell biology, 16(8), 461-472

Kaushal, V., Dye, R., Pakavathkumar, P., Foveau, B., Flores, J., Hyman, B., Ghetti, B.,
Koller, B. H., & LeBlanc, A. C. (2015). Neuronal NLRPI inflammasome
activation of Caspase-1 coordinately regulates inflammatory interleukin-1-beta
production and axonal degeneration-associated Caspase-6 activation. Cell death
and differentiation, 22(10), 1676—1686.

Kawasaki T., & Kawai, T. (2014). Toll-like receptor signaling pathways. Frontiers in
immunology.

Kelly, R., Joers, V., Tansey, M. G., McKernan, D. P., & Dowd, E. (2020). Microglial
Phenotypes and Their Relationship to the Cannabinoid System: Therapeutic
Implications for Parkinson's Disease. Molecules (Basel, Switzerland), 25(3), 453.

Kinra, M., Nampoothiri, M., Arora, D., & Mudgal, J. (2022). Reviewing the importance
of TLR-NLRP3-pyroptosis pathway and mechanism of experimental NLRP3
inflammasome inhibitors. Scandinavian journal of immunology, 95(2), e13124.

Kischkel, F. C., Hellbardt, S., Behrmann, 1., Germer, M., Pawlita, M., Krammer, P. H.,
& Peter, M. E. (1995). Cytotoxicity-dependent APO-1 (Fas/CD95)-associated
proteins form a death-inducing signaling complex (DISC) with the receptor. The
EMBO journal, 14(22), 5579-5588.

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo
Arozena, A., Adachi, H., Adams, C. M., Adams, P. D., Adeli, K., Adhihetty, P.
J., Adler, S. G., Agam, G., Agarwal, R., Aghi, M. K., Agnello, M., Agostinis, P.,
Aguilar, P. V., Aguirre-Ghiso, J., Airoldi, E. M., Zughaier, S. M. (2016).
Guidelines for the use and interpretation of assays for monitoring autophagy (3rd
edition). Autophagy, 12(1), 1-222.

Koskinen, M., Bertling, E., & Hotulainen, P. (2012). Methods to measure actin
treadmilling rate in dendritic spines. Methods in enzymology, 505, 47-58.
Kumar, V. (2019). Toll-like receptors in the pathogenesis of neuroinflammation. Journal

of neuroimmunology, 332, 16-30.

Kummer, M. P., Hermes, M., Delekarte, A., Hammerschmidt, T., Kumar, S., Terwel, D.,
Walter, J., Pape, H. C., Konig, S., Roeber, S., Jessen, F., Klockgether, T., Korte,
M., & Heneka, M. T. (2011). Nitration of tyrosine 10 critically enhances amyloid
B aggregation and plaque formation. Neuron, 71(5), 833—844.

66



Landreth, G. E., & Reed-Geaghan, E. G. (2009). Toll-like receptors in Alzheimer's
disease. Current topics in microbiology and immunology, 336, 137-153.

Levine, B., Mizushima, N., & Virgin, H. W. (2011). Autophagy in immunity and
inflammation. Nature, 469(7330), 323-335.

Lu A, W. H. (2015). Structural mechanisms of inflammasome assembly. FEBS J ,
282(3):435-44.

Lu, A., & Wu, H. (2015). Structural mechanisms of inflammasome assembly. The FEBS
Jjournal, 282(3), 435-444.

Madeo, F., Tavernarakis, N., & Kroemer, G. (2010). Can autophagy promote
longevity?. Nature cell biology, 12(9), 842—846.

Mander, P., & Brown, G. C. (2005). Activation of microglial NADPH oxidase is
synergistic with glial iNOS expression in inducing neuronal death: a dual-key
mechanism of inflammatory neurodegeneration. Journal of
neuroinflammation, 2, 20.

Mizui, T., Sekino, Y., Yamazaki, H., Ishizuka, Y., Takahashi, H., Kojima, N., Kojima,
M., & Shirao, T. (2014). Myosin II ATPase activity mediates the long-term
potentiation-induced exodus of stable F-actin bound by drebrin A from dendritic
spines. PloS one, 9(1), e85367.

Morselli, E., Maiuri, M. C., Markaki, M., Megalou, E., Pasparaki, A., Palikaras, K.,
Criollo, A., Galluzzi, L., Malik, S. A., Vitale, 1., Michaud, M., Madeo, F.,
Tavernarakis, N., & Kroemer, G. (2010). Caloric restriction and resveratrol
promote longevity through the Sirtuin-1-dependent induction of autophagy. Cell
death & disease, 1(1), e10.

Muiioz-Planillo, R., Kuffa, P., Martinez-Coldén, G., Smith, B. L., Rajendiran, T. M., &
Nufiez, G. (2013). K* efflux is the common trigger of NLRP3 inflammasome
activation by bacterial toxins and particulate matter. Immunity, 38(6), 1142—1153.

Nathan, C., Calingasan, N., Nezezon, J., Ding, A., Lucia, M. S., La Perle, K., Fuortes,
M., Lin, M., Ehrt, S., Kwon, N. S., Chen, J., Vodovotz, Y., Kipiani, K., & Beal,
M. F. (2005). Protection from Alzheimer's-like disease in the mouse by genetic
ablation of inducible nitric oxide synthase. The Journal of experimental
Medicine, 202(9), 1163—1169.

Nelson, P. T., Alafuzoff, 1., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J., Castellani,
R. J., Crain, B. J., Davies, P., Del Tredici, K., Duyckaerts, C., Frosch, M. P.,
Haroutunian, V., Hof, P. R., Hulette, C. M., Hyman, B. T., Iwatsubo, T., Jellinger,
K. A., Jicha, G. A., Kovari, E., Beach, T. G. (2012). Correlation of Alzheimer
disease neuropathologic changes with cognitive status: a review of the
literature. Journal of neuropathology and experimental neurology, 71(5), 362—
381.

Orre, M., Kamphuis, W., Dooves, S., Kooijman, L., Chan, E. T., Kirk, C. J., Dimayuga
Smith, V., Koot, S., Mamber, C., Jansen, A. H., Ovaa, H., & Hol, E. M. (2013).
Reactive glia show increased immunoproteasome activity in Alzheimer's
disease. Brain: a journal of neurology, 136(Pt 5), 1415-1431.

67



Pascual, M., Calvo-Rodriguez, M., Nuiez, L., Villalobos, C., Ureda, J., & Guerri, C.
(2021). Toll-like receptors in neuroinflammation, neurodegeneration, and
alcohol-induced brain damage. I[UBMB life, 73(7), 900-915.

Peitsch, W. K., Bulkescher, J., Spring, H., Hofmann, 1., Goerdt, S., & Franke, W. W.
(2006). Dynamics of the actin-binding protein drebrin in motile cells and
definition of a juxtanuclear drebrin-enriched zone. Experimental cell
research, 312(13), 2605-2618.

Perry, V. H., & Teeling, J. (2013). Microglia and macrophages of the central nervous
system: the contribution of microglia priming and systemic inflammation to
chronic neurodegeneration. Seminars in immunopathology, 35(5), 601-612.

Piancone, F., La Rosa, F., Marventano, 1., Saresella, M., & Clerici, M. (2021). The Role
of the Inflammasome in Neurodegenerative Diseases. Molecules . 26, 953.

Rajesh, Y., & Kanneganti, T. D. (2022). Innate Immune Cell Death in Neuroinflammation
and Alzheimer's Disease. Cells, 11(12), 1885.

Rana, A., & Musto, A. E. (2018). The role of inflammation in the development of
epilepsy. Journal of neuroinflammation, 15(1), 144.

Rea, 1., Gibson, D., McGilligan, V., McNerlan, S., Alexander, H., & Ross, O. (2018).
Age and Age-Related Diseases: Role of Inflammation Triggers and Cytokines.
Frontiers in Immunol., 9, 586.

Sharma, D., & Kanneganti, T. D. (2016). The cell biology of inflammasomes:
Mechanisms of inflammasome activation and regulation. The Journal of cell
biology, 213(6), 617-629.

Shirao, T., Hanamura, K., Koganezawa, N., Ishizuka, Y., Yamazaki, H., & Sekino, Y.
(2017). The role of drebrin in neurons. Journal of neurochemistry, 141(6), 819—
834.

Slee, E. A., Adrain, C., & Martin, S. J. (2001). Executioner caspase-3, -6, and -7 perform
distinct, non-redundant roles during the demolition phase of apoptosis. The
Journal of biological chemistry, 276(10), 7320-7326.

Tahara, K., Kim, H. D., Jin, J. J., Maxwell, J. A., Li, L., & Fukuchi, K. (2006). Role of
toll-like receptor signalling in Abeta uptake and clearance. Brain : a journal of
neurology, 129(Pt 11), 3006-3019.

Takeuchi, O., & Akira, S. (2010). Pattern recognition receptors and
inflammation. Cell, 140(6), 805—-820.

Takeuchi, O., & Akira, S. (2010). Pattern recognition receptors and
inflammation. Cell, 140(6), 805—-820.

Thiabaud, G., Pizzocaro, S., Garcia-Serres, R., Latour, J. M., Monzani, E., & Casella, L.
(2013). Heme binding induces dimerization and nitration of truncated -amyloid
peptide AB16 under oxidative stress. Angewandte Chemie (International ed. in
English), 52(31), 8041-8044.

Vecchiarelli, H. A., Joers, V., Tansey, M. G., & Starowicz, K. (2022). Editorial:
Cannabinoids in neuroinflammation, neurodegeneration and pain: Focus on non-
neuronal cells. Frontiers in neuroscience, 16, 1114775.

68



Vodovotz, Y., Lucia, M. S., Flanders, K. C., Chesler, L., Xie, Q. W., Smith, T. W.,
Weidner, J., Mumford, R., Webber, R., Nathan, C., Roberts, A. B., Lippa, C. F.,
& Sporn, M. B. (1996). Inducible nitric oxide synthase in tangle-bearing neurons
of patients with Alzheimer's disease. The Journal of experimental
medicine, 184(4), 1425—-1433.

Vollmar, P., Kullmann, J. S., Thilo, B., Claussen, M. C., Rothhammer, V., Jacobi, H.,
Sellner, J., Nessler, S., Korn, T., & Hemmer, B. (2010). Active immunization with
amyloid-beta 1-42 impairs memory performance through TLR2/4-dependent
activation of the innate immune system. Journal of immunology (Baltimore, Md.
2 1950), 185(10), 6338-6347.

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., & Nabekura, J. (2009). Resting
microglia directly monitor the functional state of synapses in vivo and determine
the fate of ischemic terminals. The Journal of neuroscience : the official journal
of the Society for Neuroscience, 29(13), 3974-3980.

Wang, Z., Zheng, P., Chen, X., Xie, Y., Weston-Green, K., Solowij, N., Chew, Y. L., &
Huang, X. F. (2022). Cannabidiol induces autophagy and improves neuronal
health associated with SIRT1 mediated longevity. GeroScience, 44(3), 1505—
1524.

Wesseling, H., Mair, W., Kumar, M., Schlaffner, C. N., Tang, S., Beerepoot, P., Fatou,
B., Guise, A. J., Cheng, L., Takeda, S., Muntel, J., Rotunno, M. S., Dujardin, S.,
Davies, P., Kosik, K. S., Miller, B. L., Berretta, S., Hedreen, J. C., Grinberg, L.
T., Seeley, W. W., ... Steen, J. A. (2020). Tau PTM Profiles Identify Patient
Heterogeneity and Stages of Alzheimer's Disease. Cell, 183(6), 1699-1713.e13.

Wilson, C. A., Tsuchida, M. A., Allen, G. M., Barnhart, E. L., Applegate, K. T., Yam, P.
T., Ji, L., Keren, K., Danuser, G., & Theriot, J. A. (2010). Myosin II contributes
to cell-scale actin network treadmilling through network
disassembly. Nature, 465(7296), 373-377.

Young, A. P., & Denovan-Wright, E. M. (2022). The Dynamic Role of Microglia and the
Endocannabinoid System in Neuroinflammation. Frontiers in pharmacology, 12,
806417.

69



