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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common
form of dementia globally. Although the direct cause of AD remains under debate, neuroinflamma-
tion and oxidative stress are critical components in its pathogenesis and progression. As a result,
compounds like cannabidiol (CBD) are being increasingly investigated for their ability to provide
antioxidant and anti-inflammatory neuroprotection. CBD is the primary non-psychotropic phyto-
cannabinoid derived from Cannabis sativa. It has been found to provide beneficial outcomes in a
variety of medical conditions and is gaining increasing attention for its potential therapeutic applica-
tion in AD. CBD is not psychoactive and its lipophilic nature allows its rapid distribution throughout
the body, including across the blood–brain barrier (BBB). CBD also possesses anti-inflammatory, an-
tioxidant, and neuroprotective properties, making it a viable candidate for AD treatment. This review
outlines CBD’s mechanism of action, the role of oxidative stress and neuroinflammation in AD, and
the effectiveness and limitations of CBD in preclinical models of AD.

Keywords: cannabidiol; CBD; Alzheimer’s disease; neuroinflammation; oxidative stress;
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1. Introduction

Cannabinoids, found in the Cannabis sativa plant, are a class of biological compounds
that have gained increasing attention for their potential therapeutic effects and applications
in treating multiple health conditions, including Alzheimer’s disease (AD) [1,2]. Support
for the therapeutic use of cannabis or cannabis extracts comes primarily from preclinical
studies that demonstrate the ability of cannabinoids to target multiple processes reported
to underlie the development and progression of AD pathology.

AD is a neurodegenerative disease that is characterized by progressive impairments
in learning, memory, and cognition [3–5]. Although the precise underlying cause of
AD remains elusive, research suggests that oxidative stress and neuroinflammation play
crucial roles in its pathogenesis and progression [3–5]. Oxidative stress results from a
disrupted balance in the pro-oxidant/antioxidant systems, leading to the production of
reactive oxygen species (ROS) and free radicals [4,6,7]. In AD, along with disturbed
metal metabolism, oxidative stress causes damage to cellular components, such DNA,
proteins, and lipids, and contributes to inflammation, neuronal dysfunction, and neuronal
loss [4,6,7]. Similarly, neuroinflammation in AD, initiated by immune responses from
microglia, exacerbates neurodegeneration through the chronic activation of inflammatory
cascades that contribute to disease progression [8,9]. Additionally, there is much evidence
supporting the interplay between neuroinflammation, oxidative stress, and the production
and accumulation of amyloid-beta (Aβ) plaques and neurofibrillary tau tangles (NFTs),
which are the well-known pathological hallmarks of AD [7,10]. This complex relationship
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creates a self-perpetuating cycle, further accelerating the degenerative process in AD [7,10].
As such, targeting oxidative stress and neuroinflammation represents an important strategy
for the treatment of AD.

Cannabidiol (CBD) is one of the most widely studied cannabinoids and has emerged
as a potential therapeutic for AD due to its antioxidant and anti-inflammatory properties
as well as its non-psychoactive nature [1,2,11–13]. CBD plays a role in reducing ROS
production and increasing the level of and supporting endogenous antioxidant activities,
thus minimizing oxidative damage to cells [13]. Additionally, CBD has been shown to
inhibit the migration of activated microglial cells, suppress the expression and activity of
proinflammatory mediators, and induce anti-inflammatory cytokines, thereby mitigating
the harmful effects of chronic neuroinflammation [11–13]. CBD’s ability to address both
the neuroinflammation and the oxidative stress associated with AD makes it a promising
therapeutic candidate for slowing the progression of the condition.

This review explores the therapeutic potential of CBD by evaluating its effects in
preclinical in vitro and in vivo models of AD and the mechanisms underlying its anti-
inflammatory and antioxidant properties. Articles were identified by conducting a com-
prehensive search on PubMed (1924–29 November 2023). Using Covidence, an article
screening and data collection software, sources were assessed by two independent review-
ers for inclusion eligibility, and in the case of a conflict, a third reviewer was required
to reach a consensus. Articles included in the final review were from English-language
peer-reviewed journals and (1) focused primarily on AD or neurodegenerative diseases
with shared mechanisms, (2) utilized CBD as a primary treatment or therapeutic of study,
and (3) assessed AD-like pathology, behaviour, and anti-inflammatory and/or antioxidant
outcomes (Figure 1).
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Figure 1. Flowchart representing the article identification and screening processes. Created using
BioRender.com.
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2. General Features of Cannabidiol

In recent years, exogenous cannabinoids, derived from Cannabis sativa, have gained
significant attention in biomedical research, particularly ∆-9-tetrahydrocannabinol (THC)
and CBD, the two predominant phytocannabinoids [2,14]. THC and CBD are exogenous
lipophilic signalling molecules, the former being the main psychotropic substituent of
cannabis [2,14]. The behavioural and analgesic effects of cannabis and cannabis extracts
prompted investigation into the mechanism of action of cannabinoids in mammalian
physiology, resulting in the discovery of the endocannabinoid system (ECS) and a better
understanding of the pharmacological properties and therapeutic potential of CBD [2,14].

CBD has been demonstrated to exhibit a range of anxiolytic, antipsychotic, anti-
convulsive, antinausea, anti-inflammatory, anti-rheumatoid arthritic, and antioxidant
effects [15–17]. Most notably, CBD exhibits strong anti-epileptic properties, with the US
Food and Drug Administration (FDA) approving Epidiolex® for the treatment of refractory
epilepsy in 2018 [16]. The various complex pharmacological actions of CBD make it an
interesting potential therapeutic for a variety of pathologies, including movement disor-
ders, chronic pain, psychiatric disorders, cancer, and neurodegenerative diseases, such as
Parkinson’s disease (PD) and AD [15–17]. These potential health benefits are likely due to
CBD’s interaction with the ECS.

2.1. The Endocannabinoid System

The ECS is a highly expressed complex of receptors and ligands throughout the central
and peripheral nervous systems (CNS and PNS, respectively). This system consists of the
cannabinoid type 1 (CB1) and 2 (CB2) receptors, which are member of the superfamily of
G-protein coupled receptors (GPCRs) [2,14,18]. The CB1 receptor is ubiquitously expressed
throughout the CNS, serving as the brain’s most abundant GPCR, but it is also expressed
in a variety of peripheral tissues [18]. CB1 receptors are primarily found on presynaptic
GABAergic interneurons and to a lesser extent on other neuronal subtypes such as glu-
tamatergic and cholinergic neurons [18–20]. Conversely, the CB2 receptor was originally
believed to only be expressed on immune cells in the periphery, however, more recently it
has been reported to be present in the CNS, primarily on microglial cells [18,21–24].

Both cannabinoid receptors are orthosterically modulated by the phytocannabinoid
THC and the endocannabinoids (eCBs), anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), which are endogenously produced lipid signalling molecules (Figure 2) [19,25,26].
The activation of CB1 inhibits adenylyl cyclase, voltage-gated calcium channels, and cyclic
AMP signalling. Receptor activation also promotes mitogen-activated protein kinases
(MAPKs) and G-protein coupled inwardly rectifying potassium channels (GIRKs) ac-
tivity [19,27]. CB1 receptor activation by exogenous THC and the retrograde synaptic
movement of eCBs can inhibit both excitatory and inhibitory neurotransmitter release
from glutamatergic and GABAergic neurons, respectively [2]. eCB signalling is normally
terminated by the hydrolysis of the arachidonic group from 2-AG and AEA. The hydrol-
ysis of 2-AG is primarily carried out by presynaptic monoacylglycerol lipase (MAGL) in
the CNS, while postsynaptic fatty acid amino hydrolase (FAAH) primarily breaks down
AEA [19,28–30]. CBD interacts with the ECS separately, whereby it decreases CB1 receptor
activation induced by THC and eCBs and promotes the inverse agonism of CB1 through
negative allosteric modulation [19]. CBD has been shown to exhibit antagonistic-like be-
haviour against synthetic and natural cannabinoids and can also inhibit the psychoactive
nature of THC. Multiple studies have confirmed that CBD exhibits a very low affinity for
both cannabinoid receptors compared to THC and eCBs [15,19,31,32]. CBD has also been
suggested to inhibit eCB uptake and degradation, resulting in prolonged eCB signalling [33].
This occurs through inhibiting FAAH and fatty acid binding protein (FABP) levels and the
activity and inactivation of MAGL, thereby limiting hydrolysis and the reuptake of AEA
and 2-AG, respectively [15,33–36].
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Figure 2. Schematic representation of the endocannabinoid system in the CNS. Postsynaptically syn-
thesized endocannabinoids (eCBs) 2-AG (pink) and AEA (blue) are retrograde signalling molecules
that bind and activate CB1 receptors. The psychotropic phytocannabinoid THC (green) is a CB1
agonist, while CBD (yellow) is a negative allosteric modulator (negative symbol) of CB1, inversely
agonizing the receptor. CBD also inhibits the enzymes involved in eCB degradation, FAAH and
MAGL. CB1 activation promotes astrocytic Ca2+ influx and presynaptic MAPK and GIRK activity, and
inhibits AC activity, voltage-gated Ca2+ channels, and neurotransmitter release from the presynaptic
neuron. CB2 activation in microglia can result in the inhibition of inflammatory cytokines TNFα and
ILs [2,15,19,31–33]. CBD: cannabidiol; THC: ∆-9-tetrahydrocannabinol; 2-AG: 2-arachidonoylglycerol;
AEA: anandamide; CB1/2: cannabinoid type receptors 1 and 2; MAGL: monoacylglycerol lipase;
FAAH: fatty acid amide hydrolase; G: glycerol; AA: arachidonic acid; ETA: ethanolamine; AC:
adenylyl cyclase; MAPK: mitogen-activated protein kinase; TNFα: tumour necrosis factor α; ILs:
interleukins; PPAR: peroxisome proliferator-activated receptor; GIRK: G-protein-coupled inwardly
rectifying potassium channels. Adapted from Abate et al. (2021) [26]. Created using BioRender.com.

2.2. Pharmacokinetics of Cannabidiol

The pharmacokinetic profile of CBD and its metabolic processes are similar to that
of THC, its psychoactive counterpart [15,37]. CBD generally acts in a dose- and delivery-
dependent manner [38]. Time to peak drug concentration (Tmax) ranges between 0 and 4 h,
while the peak drug concentration (Cmax) is dose-dependent, achieved more quickly through
aerosol administration compared to oral, and increased during postprandial states [38].
CBD exhibits low toxicity and low oral bioavailability, ranging from 13 to 19% [15,18].
Intravenously administered CBD is distributed rapidly and can easily pass through the
blood–brain barrier (BBB) due to its lipophilic nature [15,37]. CBD is primarily excreted
in the urine after several metabolic steps including hydroxylations, oxidations, conjuga-
tions, and epoxidations [15,18,39]. A systematic review by Millar et al. focusing on the
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pharmacokinetics of CBD in humans reported varying half-lives depending on route of
administration, with a half-life of 1.4–10.9 h after oral mucosal spray, 24 h post intravenous
injection, 31 h after inhalation, and 2–5 days after chronic oral administration [38]. Since
these pharmacokinetic differences can significantly impact the amount of CBD reaching the
brain, well-designed animal model studies and human trials that take the route of adminis-
tration and bioavailability into account are needed to evaluate the therapeutic potential of
CBD in neurodegenerative conditions like AD.

3. Alzheimer’s Disease Pathology

AD is a progressive neurodegenerative disease and the most prevalent form of de-
mentia, accounting for approximately 60–80% of cases [3,4]. Clinical signs of AD include
progressive cognitive decline, memory and speech impairment, apathy, depression, mo-
bility issues, and behavioural changes [3–5]. These symptomatic manifestations are the
result of the neuropathological features of the disease, including neuronal and synaptic loss
and the aggregation of extracellular Aβ plaques and intracellular NFTs [3–5]. The amyloid
hypothesis proposes that the onset and advancement of AD results from an increased
abnormal accumulation of Aβ. This occurs through the sequential processing of amyloid
precursor protein (APP) by beta- and gamma-secretases, and the subsequent synthesis and
accumulation of Aβ oligomers and fibrils, resulting in plaque aggregation [3,4]. Conversely,
the tau hypothesis describes the abnormal hyperphosphorylation of tau which results in
the formation of NFTs as the main contributor to AD pathogenesis [3,4]. These patho-
physiological changes elevate levels of neuroinflammation and oxidative stress, disrupt
neuronal synaptic transmission, and induce cellular toxicity [3,4]. Although a highly de-
bated topic, the onset and progression of AD are highly complex and multifactorial, not
only directly induced by the two pathophysiological hallmarks, Aβ-plaques and NFTs, but
also from several genetic, environmental, and age-related factors. Unfortunately, treatment
strategies for AD are limited. While some pharmacological agents only target symptoms
after the clinical onset of AD, others that target pathophysiological hallmarks display low
efficacy and a plethora of adverse effects [3,4]. For these reasons, there remains a need
for investigations into novel primary and adjunct therapies. This section highlights the
role of neuroinflammation and oxidative stress in AD, molecular signalling pathways, and
potential areas for therapeutic action.

3.1. Neuroinflammation in AD

Neuroinflammation, the inflammatory response of the CNS, is characterized by the
activation of microglia and the subsequent activation of the proinflammatory cascade [40].
Neuroinflammation begins with the activation of microglia through the detection of
damage/pathogen-associated molecular pattern molecules (DAMPs; PAMPs) via their
Toll-like receptors (TLRs) and the subsequent release of pro/anti-inflammatory cytokines
and chemokines, which is followed by an increase in BBB permeability and peripheral
immune cell recruitment [41]. Initially, this is a defence mechanism for damage localized
to the site of injury. It aims to promote repair, remove cell debris, and mediate other
key neurological processes including immune conditioning, development, learning, and
memory [42–44]. Despite this, neuroinflammation can become maladaptive, and depend-
ing on the severity and duration, it is capable of inflicting further molecular and structural
damage to various brain cell types and regions, which over time could induce widespread
global degeneration, atrophy, and behavioural impacts [40,45]. Unfortunately, this is a com-
mon hallmark observed across several neuropathological disorders and diseases, including
AD [42,45].

In AD, neuroinflammation has been associated with the severity of brain atrophy and
cognitive decline, with reported increases in proinflammatory cytokines and chemokines
like tumour necrosis factor α (TNFα), monocyte chemoattractant protein-1 (MCP-1)
interleukin-1β (IL-1β), interleukin-6 (IL-6), and prostaglandins across human AD brain
and in vivo AD models [40,45–48]. These proinflammatory substrates have been known to
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exacerbate AD pathology by promoting Aβ plaque and tau NFT formations, and similarly,
these AD pathological hallmarks have been additionally responsible for upregulating the
proinflammatory cascade, resulting in a positive-feedback-loop-like response promoting
more inflammation, degeneration, and atrophy [49–52]. This section discusses the current
understanding of neuroinflammation as a main pathology of AD, highlighting the implica-
tion of microglia and the proinflammatory cascade as key players in the development of
this neurodegenerative disease.

3.2. Role of Microglia and the Proinflammatory Cascade in AD

Microglia, the brain’s most important innate immune cells, are crucial in maintain-
ing homeostasis and immune defence mechanisms in the CNS [53]. They have diverse
morphologies and play three essential functions: detecting changes in their environment,
maintaining physiological homeostasis, and protecting against harmful stimuli by detecting
DAMPS through their surface membrane TLRs [53]. In the presence of a stimulus, microglia
produce chemokines and proinflammatory cytokines to remove pathological agents and
initiate the repair process [53].

In AD pathology, it is well established that microglia are involved in the progression
of neurodegeneration by shifting to a cytotoxic and proinflammatory phenotype; how-
ever, early in disease onset, microglia have been observed to support brain health and
neuroprotection by migrating to areas of the brain with tau and amyloid aggregates and
initiating their phagocytosis and clearance [54]. Microglia maintain Aβ homeostasis and
utilize different mechanisms for the clearance of either soluble amyloid monomers or larger,
insoluble amyloid fibrils [55]. Microglia internalize soluble Aβ through a macropinocytic
mechanism, in which soluble Aβ colocalizes to pinocytic vesicles and is rapidly trafficked
into late endolysosomal compartments for degradation [56,57]. The receptor-mediated
endocytosis of Aβ fibrils occurs through TLRs, scavenger receptor type-A (SRA), triggering
receptor expressed on myeloid cells 2 (TREM2), and lipoprotein receptor-related proteins
(LRPs) when complexed with lipoproteins, and microglia can further process these fibrils
through phagocytosis or upregulated proteinase activity with insulin-degrading enzyme
(IDE) or metalloproteinase-9 (MMP-9) [58–61]. Similarly, microglia also internalize, phago-
cytose, and degrade tau through competitive binding against fractalkine/CX3CL1 to the
CX3CR1 chemokine receptor located on microglia cell membrane surfaces [62,63].

Despite this, microglia are unable to maintain the homeostasis of accumulating amy-
loid plaques and tau seeding with increasing age, and consequently, researchers have
observed the function of microglia to shift from promoting neuroprotection to inducing
neurodegeneration [54]. In AD, microglia encourage Aβ plaque formation, the phosphoryla-
tion of tau via the p38α MAPK/glycogen synthase kinase 3 (GSK3) pathway, the decreased
clearance of Aβ, the reduced clearance of tau through increased competitive binding and
the internalization of CX3CL1, the production of proinflammatory molecules and ROS,
the structural and functional dysregulation of the BBB, and cognitive decline [49,64–70].
With the hypofunction in microglial clearance capabilities and the evasion of the microglial
degradation of amyloid and tau, their further aggregation into plaques and NFTs occurs,
ultimately inducing a chronic neurodegenerative and neuroinflammatory state [71].

Diving further into the positive-feedback-loop-like response by which AD pathology
promotes neuroinflammation and vice versa, chronic Aβ deposition leads to microgliosis,
which is the activation of microglia to an insult, promoting the upregulated synthesis and
release of proinflammatory cytokines, such as IL-1β, TNFα, and IL-6, and the reduced
release of anti-inflammatory cytokines like IL-4 and IL-10 (Figure 3) [49]. TNFα, IL-1β,
IL-6, and IL-18 have been reported to be upregulated in AD brains and further progress
AD pathology by releasing Aβ peptides and attenuating Aβ clearance, thus increasing
the opportunity for plaque formation, and by inducing tau hyperphosphorylation and
NFT formation through altered p38 MAPK/GSK3 signalling [48,72–75]. Importantly, mi-
croglia produce, secrete, and recruit other secondary molecules, such as prostaglandins
and growth factors like brain-derived neurotrophic factor (BDNF), and with AD, these
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factors are further implicated and linked to the onset and pathology of the disease, high-
lighting the complexity of neuroinflammation and microgliosis in the progression to a
neurodegenerative state [76–79]. Thus, chronic microglial activation and proinflammatory
cytokine release are believed to be both the cause and the effect of exacerbating Aβ and tau
aggregates leading to a neurodegenerative AD state.
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Figure 3. Schematic representation of chronic neuroinflammation in AD and the positive-feedback
loop-like response of AD pathological markers promoting reactive microgliosis. Aβ and NFTs induce
neuron death triggering the release of DAMPs. These molecules bind to the TLRs on microglia and
shift their phenotype to an activated state, initiating the process of microgliosis and subsequent release
of proinflammatory cytokines. In chronic neuroinflammation and AD, microgliosis and elevated
levels of proinflammatory cytokines then promote the formation of Aβ plaques and NFTs through
alterations to crucial molecular signalling pathways and reduced degradation mechanisms [49,53–55].
Aβ: amyloid beta; NFT: neurofibrillary tangles, DAMPs: damage-associated molecular patterns; TLR:
Toll-like receptor; TNFα: tumour necrosis factor α; IL-: interleukin-. Created using BioRender.com.

With our growing understanding of the (1) molecular basis of the neuroinflammatory
properties of AD, particularly with positive feedback promoting inflammation and degener-
ation, and (2) limited therapeutic success with targeting Aβ and immunotherapy/antigen,
acetylcholinesterase, and glutamate receptors, there is a need to develop or utilize pre-
existing therapies that interrupt these vicious cycles of inflammation and degeneration [10].
As will be discussed later in this review, the anti-inflammatory properties of CBD are
encouraging and support its therapeutic applicability in neurodegenerative disease states.
Neuroinflammation is also linked to oxidative stress, which is another factor implicated in
the development and progression of AD that researchers have explored.
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3.3. Oxidative Stress

Oxidative stress occurs when there is an imbalance between the production and
build-up of toxic ROS and reactive nitrogen species (RNS) and the level and activity of
endogenous antioxidants [80]. ROS/RNS are reactive oxygen- or nitrogen-containing
molecules that are endogenously produced via mitochondrial oxygen metabolism and
nitric oxide (NO) [81]. This imbalance causes damage to biomolecules such as DNA,
proteins, and lipids. Common perpetrators of oxidative stress include mitochondrial free
radical products such as hydrogen peroxide (H2O2), hydroxyl radical (•OH), superoxide
(O2

•−), singlet oxygen (1O2), and •NO [82]. Although ROS/RNS maintain homeostatic
functions in cellular signalling processes at low levels, cellular damage occurs following
the excessive accumulation of ROS/RNS [83,84]. To maintain cellular homeostasis, the
antioxidant defence system functions to balance the production and elimination of ROS to
prevent the development of accelerated aging and disease (Figure 4) [85].

The antioxidant defence system is activated in response to oxidative stress. As a
result, endogenous antioxidants are produced and recruited to active sites of oxidative
stress. Antioxidants can be divided into either enzymatic or non-enzymatic. Enzymatic
antioxidants perform antioxidant functions by scavenging free radicals [86]. This group
of antioxidants includes but is not limited to superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase (CAT) [86]. Non-enzymatic antioxidants can be further
divided into polyphenols, vitamins, minerals, and carotenoids [87]. Overall, antioxidants
act as scavengers that detect, eliminate, and/or prevent the production of free radicals,
inhibit the onset and generation of toxic reactions, and repair damaged biomolecules such
as DNA, proteins, and lipids [86].

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is an im-
portant regulator of the endogenous antioxidant response system [88,89]. Nrf2 regulates
the basal and stress-induced expression of various antioxidant response element (ARE)-
dependent genes to control the physiological and pathophysiological consequences of
oxidative stress [88,89]. In the absence of cellular stress, cytoplasmic Nrf2 is bound to its
negative regulator Kelch-like ECH-associated protein 1 (Keap1). Dimerization with Keap1
stabilizes Nrf2 [88,89]. This recruits Cullin3 (Cul3) and Ring-box protein 1 (Rbx1), ulti-
mately forming a complex that destines Nrf2 for ubiquitination and eventual proteasomal
degradation [88,89]. Because of its short half-life, Nrf2 is frequently degraded and low
cellular levels are maintained [90]. Under conditions of stress, including oxidative stress,
Nrf2 dissociates from Keap1 and undergoes nuclear translocation [88,89]. In the nucleus,
Nrf2 interacts with small Maf proteins and binds to AREs that are found in the promoter
region of genes that encode detoxifying and antioxidant enzymes such as heme oxygenase
1 (HO-1), SOD, glutamate-cysteine ligase modifiers and catalytic subunits (GCLM and
GCLC, respectively), and GPx [88–90].

This dissociation can also be induced by Nrf2 activators such as polyphenolic an-
tioxidant compounds including naringenin and rosmarinic acid [91–95]. Inducers of Nrf2
activation may perform this function via the protein kinase C (PKC)-mediated phospho-
rylation of Nrf2 at serine-40 [96,97]. Nrf2 is also regulated through the induction of the
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/GSK3β pathway [92–95]. In this
pathway, Nrf2 activators induce the activity of PI3K which activates AKT via phosphoryla-
tion. AKT then inactivates GSK3β via serine-9 phosphorylation. As a negative regulator of
Nrf2, the phosphorylation of GSK3β permits the activity of Nrf2. Both processes induce the
phosphorylation and activation of Nrf2, which permits the nuclear translocation of Nrf2
and subsequent transcriptional activity as a function of antioxidant defence. Interestingly,
Nrf2 has been reported to be downregulated in AD [94,98]. This has prompted researchers
to explore the potential role of compounds such as CBD that may act as antioxidants, Nrf2
activators, and/or regulators of Nrf2 transcriptional activity in response to oxidative stress
in AD [99].
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3.4. Role of Oxidative Stress in AD

Although oxidative stress may exist independently as a contributor to AD, it has
also been linked to other hypotheses of AD pathogenesis such as the amyloid and tau
hypotheses (Figure 4). The relationship is reciprocal, as oxidative stress can contribute to
the phosphorylation of tau and the production and accumulation of Aβ, and in turn, these
pathological hallmarks of AD can induce oxidative stress.

Several reports have demonstrated the relationship between oxidative stress and
Aβ toxicity in AD [100–108]. This supports exploring the possible mechanisms through
which oxidative stress induces and/or contributes to the onset and development of AD.
One potential mechanism involves metal ions [100–108]. Extracellular senile plaques,
composed of aggregated Aβ, can contain metal ions such as iron (Fe), copper (Cu), and
zinc (Zn) [100–108]. When bound to Aβ, these metal ions can induce redox reactions and
the generation of ROS [100–108]. As a result, newly formed ROS may oxidize Aβ peptides
and nearby cellular components such as nucleic acids, proteins, and lipids [100–108].
This oxidative process can disrupt membrane integrity via the oxidation of lipids such
as cholesterol within the plasma membrane of neurons [109]. Moreover, the ROS and
redox-active metal ion-induced oxidation of Aβ hinders the effective clearance of Aβ by
LRPs, which further perpetuates Aβ accumulation and the development of AD [110,111].
Additional mechanisms by which oxidative stress promotes Aβ synthesis and accumulation
include transcriptional, translational, and epigenetic processes. The activation of stress-
related signalling pathways has been reported to induce the transcription of APP, the
precursor of Aβ, and BACE1, a crucial enzyme for Aβ production [112]. Some studies have
also reported changes in Aβ due to epigenetic modifications such as histone acetylation,
DNA methylation, and chromatin remodelling that contribute to AD [112–118]. More
recently, researchers such as Gu et al. have established a relationship between epigenetic
changes in Aβ synthesis and oxidative stress following H2O2 treatment in neuroblastoma
cells [118]. These epigenetic changes include a significant increase in histone acetylation
and a decline in DNA methylation, resulting in heightened Aβ production following
increased APP and BACE1 transcription [118]. Interestingly, Aβ has also been reported
to exert toxic cellular effects by stimulating oxidative stress via mitochondrial disruption
and interfering with neuronal processes [119–122]. This ultimately leads to cytoskeleton
disruption, synaptic dysfunction, and neuronal apoptosis [121].

Oxidative stress-induced tauopathies have also been investigated as contributors to
the pathogenesis and progression of AD (Figure 4). Researchers have recently established a
reciprocal relationship between tau pathology and oxidative stress [123]. Potential mech-
anisms driving these effects include increased tau phosphorylation and mitochondrial
dysfunction, driving the increased production of ROS such as H2O2 [123–126]. On the
other hand, increased levels of oxidative stress result in elevated tau phosphorylation,
perpetuating a vicious cycle [123]. This hyperphosphorylation hinders the binding affinity
of tau to microtubules, which results in the destabilization of microtubules along with
the development of hyperphosphorylated tau oligomers [123–126]. Following this, hyper-
phosphorylated tau oligomers may accumulate to form NFTs that trigger neurotoxicity
and neuronal cell death [127,128]. Overall, these events contribute to the degradation of
microtubule networks that trigger the neurodegeneration observed in AD.

Whether oxidative stress is the cause, or the result of tau aggregation, amyloid toxicity,
and other AD-related neurological pathologies remains under debate. What is not debated
is the participation of oxidative stress in the pathophysiology of AD, and as such, this
represents a promising target for AD therapy. In addition to its antioxidant properties,
CBD also reduces neuroinflammation, which, as described previously in this review, is also
implicated in AD.
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Figure 4. Schematic representation of the role of reactive oxygen and reactive nitrogen species, which
are known oxidative stressors, in AD [80,85,86,100,109–112]. ROS: reactive oxygen species; RNS:
reactive nitrogen species; PI3k: phosphoinositide 3-kinase; AKT: protein kinase B; GSK3β: glycogen
synthase kinase 3 beta; Nrf2: nuclear factor erythroid 2-related factor 2; ARE: antioxidant response
element; NF-κB: nuclear factor κ-light-chain-enhancer of activated B cells APP: amyloid precursor
protein; BACE1: beta-secretase 1; Aβ: amyloid-beta; NFTs: neurofibrillary tangles. Created using
BioRender.com.

4. Cannabidiol in Preclinical Models of Alzheimer’s Disease

As described above, the dysregulation of antioxidant and anti-inflammatory mod-
ulators is highly implicated in the onset and progression of AD, including its molecular
pathologies and eventual symptomatic outcomes. CBD has been proposed to regulate
several aspects of the ECS and has been reported to be capable of combating oxidative
stress and neuroinflammation across a variety of aetiologies [1,2,11–13]. Recently, a breadth
of research has been invested in determining if CBD is capable of protecting against these
stressors in several preclinical models of AD. This section will focus on the currently avail-
able literature utilizing CBD in models of AD in vitro (Table 1) and in vivo (Table 2), and
on their outcomes related to AD-induced oxidative stress and neuroinflammation.
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Table 1. In vitro models of AD using CBD.

First
Author and Year Model Treatment (CBD) Primary Outcome Measures Main Results

Esposito 2006
[129]

PC12 cells
(NGF diff.)

CBD 15 min pre-treatment
(10−7–10−5 M); Aβ1–42

(1 µg/mL) 24 h

Tau hyperphosphorylation modulated through
the Wnt/β-catenin pathway

CBD: ↓ Aβ (1–42)-induced p-GSK-3β; ↑ β-catenin;
↓ p-tau

Esposito 2006
[130]

PC12 cells
(NGF-diff.)

CBD 15 min pre-treatment
(10−6–10−4 M); Aβ1–42

(1 µg/mL) 24-hour

iNOS expression and NO production through
p38 MAPK and NF-κB action

CBD: ↓ nitrite and iNOS expression; ↓ p-p38 MAPK;
↓ NF-κB activation

Iuvone 2004
[131] PC12 cells CBD (10−7–10−4 M) and Aβ1–42

(1 µg/mL)

Neuroprotection against Aβ-induced
neurotoxicity by modulating ROS levels,

lipoperoxidation, and apoptosis

CBD: ↓ cell death; ↓ ROS accumulation and lipid
peroxidation;

↑ procaspase–total caspase 3

Harvey 2012
[132]

PC12 and
SH-SY5Y cells

PC12: CBD (1 or 10 µM) & Aβ1–40 or
H2O2 or t-BHP; SH-SY5Y: CBD

(0.01–10 µM) and H2O2 or t-BHP

Oxidative stress and Aβ-induced neurotoxicity:
CBD compared to known antioxidants

and anandamide

No effect of CBD against H2O2 or Aβ1–40 in PC12 cell
viability; CBD (10 µM) ↑ cell viability against t-BHP in

both cell lines

Scuderi 2014
[133]

SH-SY5YAPP+

cells CBD (10−9–10−6 M)
Modulation of APP in APP-overexpressing cells

and the involvement of PPARγ

CBD: ↓ APP and Aβ peptide levels and ↑ APP
ubiquitination through PPARγ activation; ↑

cell viability

Raja 2020
[134]

SH-SY5Y cells
(RA-diff.)

CBD (0.01–74 µg/mL) and
Aβ1–42 (10 µM) or H2O2 (100 µM)

H2O2-induced oxidative stress and Aβ1–42-Cu(II)
simulated AD-like oxidative stress

CBD: inhibits H2O2-induced ROS (IC50 = 42.7 µg/mL);
displays no neurotoxicity (<1 µg/mL)

Wang 2023
[135]

1’ human
astrocytes CBD (2.5 µM); Aβ1–42 (2 µM) Aβ-induced cellular senescence and apoptosis

with the involvement of Parkin
CBD: ↓ Aβ-induced astrocyte senescence and rescues
Aβ-induced mitophagy deficits; ↓ mitochondrial ROS

Esposito 2011
[136]

1’ rat
astroglial
cultures

CBD (10−9–10−7 M);
Aβ1–42 (1 µg/mL)

Role of PPARγ receptor activity in
CBD-mediated neuroprotection

CBD: ↓ release of NO, IL-1β, TNF-α, and S100B;
↓ Aβ-induced iNOS, GFAP, and S100B protein; ↓ p50

and p65 through selective PPARγ-dependent
NF-κB inhibition

Kim 2023
[137]

1’ mouse cortical
neurons

CBDA (3 & 6 µM);
Aβ1–42 (5 µM) Aβ-induced AD-like characteristics CBDA: ↓ Aβ and p-tau levels; alleviated calcium

dysfunction; ↑ cell viability

Yang 2022
[138]

1’ mouse
microglial
cultures

CBD (5 µM);
Aβ1–42 (1 µg/mL)

Effects of CBD on TRPV2 expression and
microglial Aβ phagocytosis

CBD: ↑ TRPV2-activation dependent microglial Aβ

phagocytosis, mitochondrial function, and
ATP production

Schubert 2019
[139] MC65 cells CBD (0.1 µM)

Neuroprotective capacity of 11 cannabinoids
against Aβ-induced neurotoxicity

and aggregation

CBD: inhibited amyloid toxicity and ↑ degradation
and removal of Aβ
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Table 1. Cont.

First
Author and Year Model Treatment (CBD) Primary Outcome Measures Main Results

Mammana 2019
[140]

NSC-34 (serum
deprived and

RA-diff.)

CBD and/or CBG (2.5, 5, 10, 20, 40, and
80 µM)

Effect of CBG and CBD, alone and in
combination, on neuroinflammation through

cytokine, NF-κB, and Nrf2 involvement

CBG w/CBD:
↓ neuroinflammation (2.5 and 5 µM); ↓ TNF-α levels

and NF-κB activation;
↑ IL10 and IL37 expression (5 µM); ↓ iNOS and ↑ Nrf2

levels (5 µM)

Patel 2023
[141] STHdhQ7/Q7 cells

CBD (1 µM) pre-treatment, co-treatment,
and post-treatment w/TG

Neuroprotection against TG-induced ER stress
through the modulation of pro-survival and

pro-apoptotic factors

CBD pre-treatment: ↑ cell-viability; ↑ pro-survival UPR
mRNA expression (GRP78, MANF, and BCL-2) and

protein levels (GRP78); ↓ pro-apoptotic mRNA
expression (BIM and Caspase-12)

Alali 2021
[142] E. coli BL21 CBD (0, 10, 20, and 40 µM) in tau protein

solution (20 µM)

Aggregation of recombinant human His-tagged
tau protein expressed through

pET-21a (+) vector

CBD: ↓ heparin-induced tau protein aggregation rate
and levels

Table 2. In vivo models of AD using CBD.

First Author and
Year Model Treatment (CBD) Primary Outcome Measures Main Results

Esposito 2011
[136]

Aβ-treated male
Sprague Dawley

rats

15-day intraperitoneal
CBD (10 mg/kg); hippocampal Aβ1–42

(1 µg/mL)

Involvement of PPARγ in the neuroprotective
effects of CBD following intrahippocampal

injection of Aβ (1–42)

CBD: ↓ iNOS, GFAP, and S100B through
PPARγ-dependent inhibition of NF-κB; ↓ reactive
gliosis and ↑ neuron survival in rat hippocampus

Fagherazzi 2012
[143]

Iron-induced
model of ND in
male Wistar rats

Intraperitoneal CBD (5 and 10 mg/kg);
oral Fe2+ (30 mg/kg; 3 days)

Effects of CBD in iron overload-induced memory
impaired rats

CBD: acute highest dose ↓ memory impairment
w/chronic treatment; ↑ recognition memory
w/chronic treatment; no effect on memory in

CBD-treated control rats

de Paula Faria
2022
[144]

STZ-induced AD
male Wistar rats

7-day intraperitoneal CBD (20 mg/kg);
STZ (3 mg/kg)

Effect of CBD on brain glucose metabolism and
cognitive function measured through

PET imaging

CBD: ↓ brain glucose hypometabolism and memory
damage; ↓ total weight loss

Esposito 2007
[145]

Aβ-treated
C57BL/6J mice

7-day intraperitoneal CBD (2.5 or 10
mg/kg); hippocampal

Aβ1–42 (10 ng)

Anti-inflammatory and antioxidant effects of
CBD in mice with Aβ-induced

neuroinflammation

CBD: ↓ GFAP mRNA and protein expression; ↓ iNOS
and IL-1β protein levels, and related NO and

IL-1β release
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Table 2. Cont.

First Author
and Year Model Treatment (CBD) Primary Outcome Measures Main Results

Kim 2023
[137]

Aβ-treated female
ICR mice

Hippocampal CBDA (6 µM);
hippocampal Aβ1–42 (3 µM)

Effect of CBDA on Aβ-induced AD-like symptoms
and pathology

CBDA: ↓ hippocampal Aβ and p-tau levels; ↑
cognitive function; ↑ hippocampal BDNF, p-TrkB, and

p-CREB levels

Martín-Moreno
2011
[146]

Aβ-treated
C57/Bl6 mice

Intraperitoneal CBD (20 mg/kg);
intraventricular
Aβ1–40 (2.5 µg)

Effects of CBD compared to other cannabinoids in
Aβ-induced memory-deficits and inflammatory

cytokine expression

CBD: ↓ Aβ-induced cognitive impairments; ↓ IL6
expression but no effects on TNF-α

Arnanz 2023
[147] 5xFAD mice 28-day CBD (0.273 mg/kg) and

CBD:THC (0.273:0.205 mg/kg)
Neuroprotective effects of chronic low-dose

cannabinoid treatment in 5xFAD mice
CBD:THC: ↑ spatial memory

All treatments: ↑ cortical insoluble Aβ

Cheng 2014
[148]

Male AβPP × PS1
mice 8-month oral CBD (20 mg/kg)

Effect of chronic CBD treatment on memory, anxiety,
Aβ load, oxidative damage, cholesterol, and

neuroinflammation in transgenic model of AD

CBD: ↓ social recognition deficits; no effect on anxiety,
learning, Aβ load, or oxidative damage; ↑ cholesterol

in WT mice; non-sig. ↓ in cytokines

Watt 2020
[149]

Male AβPP × PS1
mice

3-week intraperitoneal
CBD (50 mg/kg)

Behavioural and anti-inflammatory effects of chronic
CBD administration in transgenic model of AD

CBD: restored social recognition memory and spatial
learning deficits; ↓ Aβ in hippocampus; no effect on

neuro-inflammation or PPARγ

Coles 2020
[150]

Female AβPP ×
PS1 mice

Chronic intraperitoneal
CBD (5 mg/kg)

Behavioural effects of medium-dose chronic CBD
treatment administration in transgenic model of AD

CBD: restored object recognition and spatial
learning deficits

Cheng 2014
[151]

Male AβPP × PS1
mice 3-week intraperitoneal CBD (20 mg/kg) Behavioural effects of chronic CBD treatment

administration in transgenic model of AD

CBD: restored novel object recognition and social
recognition impairments;

no changes to anxiety-related behaviours

Garcìa-Baos
2021 [152]

PLAE C57BL/6
mice

CBD (20 mg/kg;
10 days)

Anti-inflammatory effects of CBD in a mouse
model of FASD

CBD: ↓ cognitive deficits; ↓ PLAE-induced increases in
TNF-α and IL6 in hippocampus

Wang 2022
[153]

MPTP-induced PD
C57BL/6 male mice

14-day oral CBD (100 mg/kg);
intraperitoneal MPTP (30 mg/kg)

Neuroprotective effects of CBD on MPTP-induced
PD mice

CBD: ↓ TNF-α, IL6 and IL-1β; ↑ IL-10; ↓ expression of
NLRP3, caspase-1, and IL-1β inflammasome

Frandsen 2022
[154]

C. elgans transgenic
model of AD CBD (100 µM; 24 h)

Modulation of the glyoxalase pathway and the
involvement of Nrf2 and NF-κB in Aβ-expressing

C. elgans

CBD: ↑ survival; ↓ Aβ fluorescence; ↑ Nrf2 mediated
protein levels through NF-κB inhibition

Zhang 2022
[155]

Aβ1–42-treated
C. elgans CBD (100 µM) Effect of CBD on Aβ aggregation and Aβ-induced

AD-like characteristics in C. elgans
CBD: ↓ Aβ aggregation;

↓ ROS independent of antioxidative genes

Wang 2023
[135]

C. elgans transgenic
model of AD CBD (5 µM) Effects of CBD treatment on lifespan, ROS, and

pumping rate in Aβ-expressing C. elgans CBD: ↑ lifespan, ↓ ROS and restored pumping rate
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4.1. CBD’s Treatment of AD-Related Pathologies
4.1.1. Modulation of Neuroinflammation by CBD

CBD has been reported to beneficially modulate markers of neuroinflammation in pre-
clinical models of AD. Specifically, investigations in vitro have displayed CBD-mediated
protection against neuroinflammation, decreased proinflammatory molecules, and in-
creased anti-inflammatory cytokine levels [136,140]. For example, Esposito et al. reported
that CBD decreased the levels of proinflammatory cytokines IL-1β and TNFα in primary rat
astroglial cultures [136,140]. They also found that CBD decreased p50 and p65 protein ex-
pression through selective peroxisome proliferator-activated receptor γ (PPARγ)-dependent
nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) inhibition [136]. Another
study recapitulated these findings in differentiated NSC-34 cells, reporting that CBD in
combination with cannabigerol (CBG), but not CBG alone, decreased TNFα levels and
NF-κB activation while increasing the expression of the anti-inflammatory cytokines IL-10
and IL-37 [140]. These in vitro findings suggest that CBD could provide neuroprotection
through enhancing anti-inflammatory pathways and inhibiting proinflammatory cascades
that, as discussed above, have an established role in AD.

Several in vivo investigations have also demonstrated significant improvements in
AD-related markers of neuroinflammation by way of CBD treatment. BDNF, which can be
modulated under conditions of neuroinflammation, is reduced in the brains of individuals
with AD, and a study by Kim et al. reported that cannabidiolic acid (CBDA), the precursor
of CBD, increased hippocampal BDNF levels in Aβ-treated ICR mice [137]. This was
accompanied by the phosphorylation of BDNF’s receptor, tropomyosin receptor kinase B
(TrkB), and the activation of TrkB signalling molecules and transcription factors, including
cAMP response element-binding protein (CREB) [137]. Low BDNF levels could result
from an increased expression of proinflammatory cytokines, and Esposito et al. reported
that 7-day intraperitoneal CBD treatment decreased proinflammatory cytokine levels and
subsequent IL-1β release [145]. Although Martín-Moreno et al. reported CBD-mediated
decreases in IL-6 levels in Aβ-treated C57/B16 mice, in this study, CBD did not alter TNFα
levels. Interestingly, a study by Cheng et al. did not identify statistically significant changes
in proinflammatory cytokine levels following the chronic oral administration of CBD to a
double transgenic mouse model of AD (AβPPxPS1) [148]. Similarly, Watt et al. found that a
3-week intraperitoneal injection of CBD in the same transgenic mice did not reduce markers
of neuroinflammation; however, hippocampal levels of Aβ were reduced [149]. In contrast,
in non-AD models of neuroinflammation, two studies demonstrated that CBD treatment
decreased the levels of proinflammatory cytokines [152,153]. CBD also increased the levels
of the anti-inflammatory cytokine IL-10 and inhibited the expression of the NLR family
pyrin domain containing 3 (NLRP3) inflammasome [153]. Although these investigations
did not utilize models of AD pathology-induced neuroinflammation, the specific markers
of interest are highly relevant to AD pathology.

4.1.2. Modulation of Oxidative Stress by CBD

CBD has also been reported to have antioxidant properties capable of protecting
against a variety of stressors and molecular regulators of oxidation. Several in vitro models
have determined that CBD can decrease the accumulation of ROS and RNS, modulate
antioxidant pathways, and decrease the expression of enzymatic generators of oxidative
molecules. For example, CBD was reported to protect against tert-butyl hydroperox-
ide (t-BHP)-, Aβ-, and H2O2-induced oxidative stress in studies employing multiple cell
lines, including rat PC12 and human SH-SY5Y and primary astrocytes [131,132,134,135].
These results were exhibited through general decreases in ROS accumulation and improve-
ments in cell viability with CBD treatment [131,132,134,135]. CBD was also shown to
prevent Aβ-generated increases in inducible nitric oxide synthase (iNOS) and the associ-
ated release of NO and nitrite in rat PC12 and astroglial cells and mouse-derived NSC-34
cells [130,136,140]. In addition to CBD’s direct antioxidant properties, this phytocannabi-
noid has also been shown to regulate specific molecular markers of the oxidative stress
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response. Esposito et al. reported that CBD decreases iNOS expression and nitrite release
by inhibiting phosphorylated p38 MAPK and NF-κB activation [130]. Another study con-
ducted by Mammana et al. showed that a combination of CBD and CBG, but not CBG
alone, increased the level of Nrf2, which is highly implicated in the endogenous antioxidant
response system [140].

In vivo models of AD have also shown promise for the antioxidant potential of CBD.
Esposito et al. evaluated the effects of CBD on Aβ-induced stress in a mouse model of
AD, reporting decreases in iNOS expression and NO release after a 7-day intraperitoneal
administration of CBD [145]. These results were more recently replicated and expanded
on by the same investigators, who demonstrated the CBD-induced decreases in iNOS
were modulated through PPARγ dependent NF-κB inhibition, with associated decreases in
reactive gliosis and improved hippocampal neuron survival in rats [136]. Additionally, AD-
like models of Caenorhabditis elgans (C. elgans) confirmed many of the previous in vitro
findings [135,154,155]. These investigations showed that CBD not only decreased total
levels of ROS but inhibited ROS accumulation independent of antioxidative genes and
positively modulated the Nrf2 pathway through NF-κB inhibition [135,154,155].

Together, these results demonstrate the ability of CBD to modulate markers of AD
pathology, target oxidative stress by reducing the production of ROS and enhancing an-
tioxidant capacity, and protect against neuroinflammation by positively regulating anti-
inflammatory modulators and inhibiting proinflammatory cytokine levels. They also
highlight important differences that can impact the effects of CBD in vivo. In addition
to the different models of oxidative stress and neuroinflammation used in these studies,
the routes of administration, dose, and duration of CBD treatment differed. As discussed
previously, this can impact the bioavailability of CBD as well as the levels of CBD within
the brain. Although some differences were reported, these findings prompt interest in the
AD-related anti-inflammatory and antioxidant properties of CBD, while also demonstrating
the need for further AD-specific investigations with human-physiologically relevant modes
of drug administration and dosing.

5. Cannabidiol as a Potential Treatment for Alzheimer’s Disease

The effectiveness of CBD as a potential treatment for AD is centred around its abil-
ity to beneficially modulate anti-inflammatory and antioxidative molecular pathways
and transcription factors. As described above, CBD has been reported to protect cell
cultures, C. elgans, and rodent models from AD-like oxidative and neuroinflammatory
stressors [130–132,134–137,140,145,146,148,149,152–155]. CBD was also reported to increase
the levels of anti-inflammatory cytokines, such as IL10 and IL37, while conversely decreas-
ing the expression of proinflammatory cytokines TNFα, IL6, and IL-1β [136,140,145,146,
148,149,152–155]. These regulatory changes in cytokine expression are associated with
inhibiting NF-κB activation, a crucial regulator of inflammation [130,136,140,154]. CBD can
also inhibit iNOS expression and the subsequent release of oxidative molecules, such as
NO and nitrite, while promoting increases in the Nrf2 endogenous antioxidant response
system [130,136,140,145,154].

Recent investigations have also demonstrated that CBD is not only able to modulate
molecular markers and regulators of inflammation and oxidation, but can also reduce the
levels of Aβ and phosphorylated tau [133,137–139,142]. In vitro studies have demonstrated
that treatment with CBD can increase transient receptor potential cation channel subfamily
V member 2 (TRPV2)-activation-dependent microglial Aβ phagocytosis, inhibit amyloid
toxicity, and ultimately decrease the total levels of Aβ aggregation in mouse cortical neurons
and microglial cells and human MC65 cells [137–139]. In addition, Scuderi et al. reported
that in APP+-expressing SH-SY5Y cells, CBD decreased APP and Aβ peptide levels by
increasing APP ubiquitination through PPARγ activation [133]. Alali et al. showed that
CBD decreased tau aggregation rate and levels in Escherichia coli (E. coli)-expressing human
His-tagged tau protein delivered through the pET-21(+) expression vector system [142].
Interestingly, a study by Kim et al., utilizing both primary mouse cortical neurons and
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Aβ-treated female ICR mice, displayed CBDA’s ability to decrease the levels of pathophysi-
ologically relevant markers of AD, namely, APP, Aβ and hyperphosphorylated tau [137].

The modulation of these quantifiable molecular markers of AD by CBD and its pre-
cursor CBDA were further translated into AD-relevant changes in cell viability in vitro,
and physiological and cognitive-behavioural changes in vivo [133–139,141,143,144,146,148–
150,152,154]. Multiple investigations revealed that CBD did not display neurotoxicity
at physiologically relevant doses, while also increasing the viability of SH-SY5Y cells
and mouse cortical neurons and striatal-derived STHdhQ7/Q7 cells compared to cells
treated only with neurotoxic compounds, such as Aβ1–42 and t-BHP [133,134,137,141].
Patel et al. also showed that STHdhQ7/Q7 cells pre-treated with CBD exhibited increased
pro-survival markers of the unfolded protein response (UPR) at the mRNA and protein
level, while decreasing mRNA expression of pro-apoptotic genes Bcl-2-like protein 11 (BIM)
and caspase-12 [141]. Although some studies reported that the treatment of rodent models
of AD with CBD alone had no effect on AD-related pathologies or cognition, many reported
opposite findings [147,148]. Esposito et al. demonstrated that CBD decreased reactive
gliosis and increased neuron survival in the hippocampus of rats treated with Aβ1–42 [136].
At the same time, de Paula Faria et al. reported CBD-induced decreases in brain glucose
hypometabolism and weight loss in streptozotocin (STZ)-treated rats [144]. Although the
STZ treatment time was not long enough to induce Aβ pathology, the memory deficits
in this model, demonstrated through object recognition, were attenuated by CBD [145].
Similarly, multiple investigations have demonstrated that CBD treatment positively affects
memory and cognition in rodent models of AD [137,143,144,146,148–152]. For example,
four studies utilizing a double transgenic mouse model of AD (AβPP × PS1 mice), reported
that CBD restored impairments in object recognition, spatial learning, and social recognition
memory [148–151].

The studies described above highlight CBD’s broad range of potential therapeutic
effects. In vitro studies consistently describe multiple therapeutically relevant effects of
CBD, including reducing markers of AD pathology, inflammation, and oxidative stress.
Multiple in vivo studies support the anti-inflammatory, antioxidant, and neuroprotective
properties of CBD and, in addition, have demonstrated CBD-mediated improvements
in cognitive performance. The preclinical results summarized in Tables 1 and 2 suggest
that CBD has the potential to delay the pathophysiological progression and cognitive-
behavioural changes that occur in humans with AD. Since currently approved treatments
for AD only provide limited symptomatic benefits, exploring the therapeutic efficacy of
compounds like CBD, that have the potential to target multiple pathological mechanisms,
is crucial. Further investigation of CBD’s action in preclinical models and effects in human
clinical trials in individuals with AD is needed.

6. Future Directions and Limitations of Cannabidiol in Alzheimer’s Disease

Although preclinical studies support CBD’s promise as a potential treatment for AD,
there are several limitations and areas for future research to address. First, despite encour-
aging results from preclinical studies, to date, no human randomized control trials (RCTs)
have investigated the efficacy and safety of CBD in treating AD [2,11,26,156–168]. Second,
the optimal dosage, administration route, formulation, and treatment duration of CBD
for achieving effective management of AD is unclear, and determining this remains chal-
lenging [38,158–160,162,164,165,169–171]. Individual variability in responses to CBD and
factors like age, sex, and genetic predisposition complicate establishing optimal treatment
protocols [2,159,166]. The complexity of CBD’s pharmacokinetic profiles and variations
in bioavailability among different administration routes, distribution patterns within the
body, and its safety profile are all factors that need to be further investigated [37,170].
Currently, there are no standardized dosing guidelines and formulations for CBD across
studies, making comparisons difficult. In the context of AD, symptom severity and disease
stage can impact optimal dosing regimens [172]. For instance, higher doses or a longer
duration of CBD treatment may be needed to target severe cognitive symptoms. Third,
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given the multifactorial nature of AD pathology, CBD may need to be considered as an
adjuvant therapy, complementing currently approved first-line treatments such as acetyl-
cholinesterase inhibitors [2]. Next, despite CBD lacking psychoactive effects, the stigma and
misconception associated with cannabis and its derivatives persist and may hinder patient
acceptance of CBD-based therapies for AD [14,159,173–175]. Additionally, there are legal
and regulatory restrictions that exist in some countries, creating barriers to CBD research
and access [156,157,159–161,163]. Lastly, CBD is a relatively recent topic of investigation in
the context of AD, and our understanding of its mechanisms of action, therapeutic potential,
long-term effects, and drug–drug interactions is still evolving [2,11,26,156–168,171].

To address these limitations, future investigations should focus on conducting com-
parative studies to evaluate different CBD doses, administration routes, formulations,
treatment durations, and administration timing and frequency. These are necessary for
both in vivo preclinical and human studies. In addition, for human studies, factors such as
age, sex, race, disease severity, and potential co-treatment benefits and drug–drug interac-
tions with medications commonly used by AD patients should be considered. Following
the completion of these studies, the next steps would involve conducting well-designed,
large-scale, double-blinded RCTs with clinically quantifiable endpoints to validate CBD’s
therapeutic effects in humans with AD. Long-term follow-up with participants is essential
to document adverse effects, characterize safety profiles, and assess true efficacy. To address
misconceptions and reduce the stigma associated with CBD, educational campaigns can
be conducted to provide accurate information, promote acceptance, and educate patients,
caregivers, and the general public. Improving communication between patients, care-
givers, and healthcare professionals is crucial to avoid misconceptions and ensure informed
decision-making regarding CBD treatment. Addressing these limitations and conducting
further research will be crucial for advancing our understanding of CBD and developing
effective CBD-based treatment for AD.

7. Conclusions

Preclinical studies support the potential for CBD to be used as a treatment for combat-
ting neuroinflammation and oxidative stress in AD. This is demonstrated by CBD’s ability
to modulate pro/anti-inflammatory cytokines, markers of oxidative stress, molecular path-
ways in the endogenous antioxidant response system, and proinflammatory transcription
factors, and its associated positive changes in pathological hallmarks of AD in vitro and
in vivo and improvement in cognitive-behavioural outcomes in rodent models of AD.
These benefits, along with widespread consensus on its anti-inflammatory and antioxidant
properties, make CBD an interesting future candidate for therapeutic use in AD.

Although preclinical findings are promising, human clinical trials utilizing CBD in the
context of AD are lacking. As current evidence supports the therapeutic benefits of CBD as
a modulator of neuroinflammation and oxidative stress in AD, there is a need for further
preclinical research and RCTs investigating the effects of CBD. Future research should
focus on determining a physiologically relevant route of administration and optimal dosing
regimen in preclinical studies and humans in order to gain a better understanding of CBD’s
mechanism of action and determine the efficacy of CBD in human clinical trials of AD.

Author Contributions: Conceptualization, J.P.H. and B.E.K.; investigation, J.P.H., A.E.C., M.L.N.,
H.C. and B.E.K.; writing, J.P.H., A.E.C., M.L.N., H.C. and B.E.K.; review and editing, J.P.H. and
B.E.K.; visualization, J.P.H. and M.L.N.; supervision, B.E.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Curr. Issues Mol. Biol. 2024, 46 4396

Acknowledgments: The authors would like to acknowledge the Ontario Veterinary College at the
University of Guelph and the Governments of Ontario and Canada for supporting this work. J.P.H.,
A.E.C., and M.L.N. are the recipients of Ontario Veterinary College Graduate Scholarships, J.P.H.
and A.E.C. are the recipients of Ontario Graduate Scholarships and H.C. is the recipient of a Canada
Graduate Scholarship. The authors would also like to acknowledge Jacqueline Kreller-Vanderkooy
from the University of Guelph Library for technical assistance with Covidence and Zotero programs.
All figures were created using BioRender.com.

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

References
1. Chen, L.; Sun, Y.; Li, J.; Liu, S.; Ding, H.; Wang, G.; Li, X. Assessing Cannabidiol as a Therapeutic Agent for Preventing and

Alleviating Alzheimer’s Disease Neurodegeneration. Cells 2023, 12, 2672. [CrossRef] [PubMed]
2. Bhunia, S.; Kolishetti, N.; Arias, A.Y.; Vashist, A.; Nair, M. Cannabidiol for Neurodegenerative Disorders: A Comprehensive

Review. Front. Pharmacol. 2022, 13, 989717. [CrossRef] [PubMed]
3. Abubakar, M.B.; Sanusi, K.O.; Ugusman, A.; Mohamed, W.; Kamal, H.; Ibrahim, N.H.; Khoo, C.S.; Kumar, J. Alzheimer’s Disease:

An Update and Insights Into Pathophysiology. Front. Aging Neurosci. 2022, 14, 742408. [CrossRef] [PubMed]
4. Tiwari, S.; Atluri, V.; Kaushik, A.; Yndart, A.; Nair, M. Alzheimer’s Disease: Pathogenesis, Diagnostics, and Therapeutics. Int. J.

Nanomed. 2019, 14, 5541–5554. [CrossRef]
5. Nguyen, V.P.; Collins, A.E.; Hickey, J.P.; Pfeifer, J.A.; Kalisch, B.E. Sex Differences in the Level of Homocysteine in Alzheimer’s

Disease and Parkinson’s Disease Patients: A Meta-Analysis. Brain Sci. 2023, 13, 153. [CrossRef] [PubMed]
6. Uttara, B.; Singh, A.V.; Zamboni, P.; Mahajan, R.T. Oxidative Stress and Neurodegenerative Diseases: A Review of Upstream and

Downstream Antioxidant Therapeutic Options. Curr. Neuropharmacol. 2009, 7, 65–74. [CrossRef]
7. Bai, R.; Guo, J.; Ye, X.-Y.; Xie, Y.; Xie, T. Oxidative Stress: The Core Pathogenesis and Mechanism of Alzheimer’s Disease. Ageing

Res. Rev. 2022, 77, 101619. [CrossRef]
8. Heneka, M.T.; Carson, M.J.; Khoury, J.E.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;

Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s Disease. Lancet Neurol. 2015, 14, 388–405. [CrossRef] [PubMed]
9. Krause, D.L.; Müller, N. Neuroinflammation, Microglia and Implications for Anti-Inflammatory Treatment in Alzheimer’s Disease.

Int. J. Alzheimers Dis. 2010, 2010, 732806. [CrossRef]
10. Si, Z.-Z.; Zou, C.-J.; Mei, X.; Li, X.-F.; Luo, H.; Shen, Y.; Hu, J.; Li, X.-X.; Wu, L.; Liu, Y. Targeting Neuroinflammation in Alzheimer’s

Disease: From Mechanisms to Clinical Applications. Neural Regen. Res. 2023, 18, 708. [CrossRef]
11. Peng, J.; Fan, M.; An, C.; Ni, F.; Huang, W.; Luo, J. A Narrative Review of Molecular Mechanism and Therapeutic Effect of

Cannabidiol (CBD). Basic Clin. Pharmacol. Toxicol. 2022, 130, 439–456. [CrossRef]
12. Campbell, V.A.; Gowran, A. Alzheimer’s Disease; Taking the Edge off with Cannabinoids? Br. J. Pharmacol. 2007, 152, 655–662.

[CrossRef]
13. Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxidants

2019, 9, 21. [CrossRef]
14. Cooray, R.; Gupta, V.; Suphioglu, C. Current Aspects of the Endocannabinoid System and Targeted THC and CBD Phytocannabi-

noids as Potential Therapeutics for Parkinson’s and Alzheimer’s Diseases: A Review. Mol. Neurobiol. 2020, 57, 4878–4890.
[CrossRef]

15. Karl, T.; Garner, B.; Cheng, D. The Therapeutic Potential of the Phytocannabinoid Cannabidiol for Alzheimer’s Disease. Behav.
Pharmacol. 2017, 28, 142–160. [CrossRef]

16. Huestis, M.A.; Solimini, R.; Pichini, S.; Pacifici, R.; Carlier, J.; Busardò, F.P. Cannabidiol Adverse Effects and Toxicity. Curr.
Neuropharmacol. 2019, 17, 974–989. [CrossRef]

17. Mechoulam, R.; Parker, L.A.; Gallily, R. Cannabidiol: An Overview of Some Pharmacological Aspects. J. Clin. Pharmacol. 2002, 42,
11S–19S. [CrossRef]

18. Mechoulam, R.; Parker, L.A. The Endocannabinoid System and the Brain. Annu. Rev. Psychol. 2013, 64, 21–47. [CrossRef]
19. Lu, H.-C.; Mackie, K. Review of the Endocannabinoid System. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2021, 6, 607–615.

[CrossRef]
20. Hu, S.S.-J.; Mackie, K. Distribution of the Endocannabinoid System in the Central Nervous System. In Endocannabinoids; Pertwee,

R.G., Ed.; Handbook of Experimental Pharmacology; Springer International Publishing: Cham, Switzerland, 2015; pp. 59–93.
ISBN 978-3-319-20825-1.

21. Van Sickle, M.D.; Duncan, M.; Kingsley, P.J.; Mouihate, A.; Urbani, P.; Mackie, K.; Stella, N.; Makriyannis, A.; Piomelli, D.;
Davison, J.S.; et al. Identification and Functional Characterization of Brainstem Cannabinoid CB2 Receptors. Science 2005, 310,
329–332. [CrossRef]

22. Onaivi, E.S.; Ishiguro, H.; Gong, J.-P.; Patel, S.; Meozzi, P.A.; Myers, L.; Perchuk, A.; Mora, Z.; Tagliaferro, P.A.; Gardner, E.; et al.
Functional Expression of Brain Neuronal CB2 Cannabinoid Receptors Are Involved in the Effects of Drugs of Abuse and in
Depression. Ann. N. Y. Acad. Sci. 2008, 1139, 434–449. [CrossRef] [PubMed]

BioRender.com
https://doi.org/10.3390/cells12232672
https://www.ncbi.nlm.nih.gov/pubmed/38067101
https://doi.org/10.3389/fphar.2022.989717
https://www.ncbi.nlm.nih.gov/pubmed/36386183
https://doi.org/10.3389/fnagi.2022.742408
https://www.ncbi.nlm.nih.gov/pubmed/35431894
https://doi.org/10.2147/IJN.S200490
https://doi.org/10.3390/brainsci13010153
https://www.ncbi.nlm.nih.gov/pubmed/36672134
https://doi.org/10.2174/157015909787602823
https://doi.org/10.1016/j.arr.2022.101619
https://doi.org/10.1016/S1474-4422(15)70016-5
https://www.ncbi.nlm.nih.gov/pubmed/25792098
https://doi.org/10.4061/2010/732806
https://doi.org/10.4103/1673-5374.353484
https://doi.org/10.1111/bcpt.13710
https://doi.org/10.1038/sj.bjp.0707446
https://doi.org/10.3390/antiox9010021
https://doi.org/10.1007/s12035-020-02054-6
https://doi.org/10.1097/FBP.0000000000000247
https://doi.org/10.2174/1570159X17666190603171901
https://doi.org/10.1002/j.1552-4604.2002.tb05998.x
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1016/j.bpsc.2020.07.016
https://doi.org/10.1126/science.1115740
https://doi.org/10.1196/annals.1432.036
https://www.ncbi.nlm.nih.gov/pubmed/18991891


Curr. Issues Mol. Biol. 2024, 46 4397

23. Ashton, J.C.; Friberg, D.; Darlington, C.L.; Smith, P.F. Expression of the Cannabinoid CB2 Receptor in the Rat Cerebellum:
An Immunohistochemical Study. Neurosci. Lett. 2006, 396, 113–116. [CrossRef] [PubMed]

24. Núñez, E.; Benito, C.; Pazos, M.R.; Barbachano, A.; Fajardo, O.; González, S.; Tolón, R.M.; Romero, J. Cannabinoid CB2 Receptors
Are Expressed by Perivascular Microglial Cells in the Human Brain: An Immunohistochemical Study. Synapse 2004, 53, 208–213.
[CrossRef]

25. Karl, T.; Cheng, D.; Garner, B.; Arnold, J.C. The Therapeutic Potential of the Endocannabinoid System for Alzheimer’s Disease.
Expert Opin. Ther. Targets 2012, 16, 407–420. [CrossRef]

26. Abate, G.; Uberti, D.; Tambaro, S. Potential and Limits of Cannabinoids in Alzheimer’s Disease Therapy. Biology 2021, 10, 542.
[CrossRef] [PubMed]

27. Hua, T.; Li, X.; Wu, L.; Iliopoulos-Tsoutsouvas, C.; Wang, Y.; Wu, M.; Shen, L.; Brust, C.A.; Nikas, S.P.; Song, F.; et al. Activation
and Signaling Mechanism Revealed by Cannabinoid Receptor-Gi Complex Structures. Cell 2020, 180, 655–665.e18. [CrossRef]
[PubMed]

28. Blankman, J.L.; Simon, G.M.; Cravatt, B.F. A Comprehensive Profile of Brain Enzymes That Hydrolyze the Endocannabinoid
2-Arachidonoylglycerol. Chem. Biol. 2007, 14, 1347–1356. [CrossRef] [PubMed]

29. Cravatt, B.F.; Demarest, K.; Patricelli, M.P.; Bracey, M.H.; Giang, D.K.; Martin, B.R.; Lichtman, A.H. Supersensitivity to Anan-
damide and Enhanced Endogenous Cannabinoid Signaling in Mice Lacking Fatty Acid Amide Hydrolase. Proc. Natl. Acad. Sci.
USA 2001, 98, 9371–9376. [CrossRef] [PubMed]

30. Ludányi, A.; Hu, S.S.-J.; Yamazaki, M.; Tanimura, A.; Piomelli, D.; Watanabe, M.; Kano, M.; Sakimura, K.; Maglóczky, Z.; Mackie,
K.; et al. Complementary Synaptic Distribution of Enzymes Responsible for Synthesis and Inactivation of the Endocannabinoid
2-Arachidonoylglycerol in the Human Hippocampus. Neuroscience 2011, 174, 50–63. [CrossRef]

31. Thomas, B.F.; Gilliam, A.F.; Burch, D.F.; Roche, M.J.; Seltzman, H.H. Comparative Receptor Binding Analyses of Cannabinoid
Agonists and Antagonists. J. Pharmacol. Exp. Ther. 1998, 285, 285–292.

32. Petitet, F.; Jeantaud, B.; Reibaud, M.; Imperato, A.; Dubroeucq, M.-C. Complex Pharmacology of Natural Cannabivoids: Evidence
for Partial Agonist Activity of ∆9-Tetrahydrocannabinol and Antagonist Activity of Cannabidiol on Rat Brain Cannabinoid
Receptors. Life Sci. 1998, 63, PL1–PL6. [CrossRef] [PubMed]

33. Gingrich, J.; Choudhuri, S.; Cournoyer, P.; Downey, J.; Muldoon Jacobs, K. Review of the Oral Toxicity of Cannabidiol (CBD).
Food Chem. Toxicol. 2023, 176, 113799. [CrossRef]

34. Watanabe, K.; Kayano, Y.; Matsunaga, T.; Yamamoto, I.; Yoshimura, H. Inhibition of Anandamide Amidase Activity in Mouse
Brain Microsomes by Cannabinoids. Biol. Pharm. Bull. 1996, 19, 1109–1111. [CrossRef] [PubMed]

35. De Filippis, D.; Iuvone, T.; D’amico, A.; Esposito, G.; Steardo, L.; Herman, A.G.; Pelckmans, P.A.; De Winter, B.Y.; De Man, J.G.
Effect of Cannabidiol on Sepsis-Induced Motility Disturbances in Mice: Involvement of CB1 Receptors and Fatty Acid Amide
Hydrolase. Neurogastroenterol. Motil. 2008, 20, 919–927. [CrossRef] [PubMed]

36. Leweke, F.M.; Piomelli, D.; Pahlisch, F.; Muhl, D.; Gerth, C.W.; Hoyer, C.; Klosterkötter, J.; Hellmich, M.; Koethe, D. Cannabidiol
Enhances Anandamide Signaling and Alleviates Psychotic Symptoms of Schizophrenia. Transl. Psychiatry 2012, 2, e94. [CrossRef]
[PubMed]

37. Grotenhermen, F. Pharmacokinetics and Pharmacodynamics of Cannabinoids. Clin. Pharmacokinet. 2003, 42, 327–360. [CrossRef]
[PubMed]

38. Millar, S.A.; Stone, N.L.; Yates, A.S.; O’Sullivan, S.E. A Systematic Review on the Pharmacokinetics of Cannabidiol in Humans.
Front. Pharmacol. 2018, 9, 1365. [CrossRef] [PubMed]

39. Harvey, D.J.; Samara, E.; Mechoulam, R. Comparative Metabolism of Cannabidiol in Dog, Rat and Man. Pharmacol. Biochem.
Behav. 1991, 40, 523–532. [CrossRef] [PubMed]

40. DiSabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The Devil Is in the Details. J. Neurochem. 2016, 139, 136–153.
[CrossRef]

41. Zheng, R.; Lee, K.; Qi, Z.; Wang, Z.; Xu, Z.; Wu, X.; Mao, Y. Neuroinflammation Following Traumatic Brain Injury: Take It
Seriously or Not. Front. Immunol. 2022, 13, 855701. [CrossRef]

42. Yong, H.Y.F.; Rawji, K.S.; Ghorbani, S.; Xue, M.; Yong, V.W. The Benefits of Neuroinflammation for the Repair of the Injured
Central Nervous System. Cell. Mol. Immunol. 2019, 16, 540–546. [CrossRef]

43. Ziv, Y.; Ron, N.; Butovsky, O.; Landa, G.; Sudai, E.; Greenberg, N.; Cohen, H.; Kipnis, J.; Schwartz, M. Immune Cells Contribute
to the Maintenance of Neurogenesis and Spatial Learning Abilities in Adulthood. Nat. Neurosci. 2006, 9, 268–275. [CrossRef]
[PubMed]

44. Derecki, N.C.; Cardani, A.N.; Yang, C.H.; Quinnies, K.M.; Crihfield, A.; Lynch, K.R.; Kipnis, J. Regulation of Learning and
Memory by Meningeal Immunity: A Key Role for IL-4. J. Exp. Med. 2010, 207, 1067–1080. [CrossRef]

45. Sokolova, A.; Hill, M.D.; Rahimi, F.; Warden, L.A.; Halliday, G.M.; Shepherd, C.E. Monocyte Chemoattractant Protein-1 Plays
a Dominant Role in the Chronic Inflammation Observed in Alzheimer’s Disease. Brain Pathol. 2009, 19, 392–398. [CrossRef]
[PubMed]

46. Janelsins, M.C.; Mastrangelo, M.A.; Park, K.M.; Sudol, K.L.; Narrow, W.C.; Oddo, S.; LaFerla, F.M.; Callahan, L.M.; Federoff, H.J.;
Bowers, W.J. Chronic Neuron-Specific Tumor Necrosis Factor-Alpha Expression Enhances the Local Inflammatory Environment
Ultimately Leading to Neuronal Death in 3xTg-AD Mice. Am. J. Pathol. 2008, 173, 1768–1782. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neulet.2005.11.038
https://www.ncbi.nlm.nih.gov/pubmed/16356641
https://doi.org/10.1002/syn.20050
https://doi.org/10.1517/14728222.2012.671812
https://doi.org/10.3390/biology10060542
https://www.ncbi.nlm.nih.gov/pubmed/34204237
https://doi.org/10.1016/j.cell.2020.01.008
https://www.ncbi.nlm.nih.gov/pubmed/32004463
https://doi.org/10.1016/j.chembiol.2007.11.006
https://www.ncbi.nlm.nih.gov/pubmed/18096503
https://doi.org/10.1073/pnas.161191698
https://www.ncbi.nlm.nih.gov/pubmed/11470906
https://doi.org/10.1016/j.neuroscience.2010.10.062
https://doi.org/10.1016/S0024-3205(98)00238-0
https://www.ncbi.nlm.nih.gov/pubmed/9667767
https://doi.org/10.1016/j.fct.2023.113799
https://doi.org/10.1248/bpb.19.1109
https://www.ncbi.nlm.nih.gov/pubmed/8874830
https://doi.org/10.1111/j.1365-2982.2008.01114.x
https://www.ncbi.nlm.nih.gov/pubmed/18373655
https://doi.org/10.1038/tp.2012.15
https://www.ncbi.nlm.nih.gov/pubmed/22832859
https://doi.org/10.2165/00003088-200342040-00003
https://www.ncbi.nlm.nih.gov/pubmed/12648025
https://doi.org/10.3389/fphar.2018.01365
https://www.ncbi.nlm.nih.gov/pubmed/30534073
https://doi.org/10.1016/0091-3057(91)90358-9
https://www.ncbi.nlm.nih.gov/pubmed/1806942
https://doi.org/10.1111/jnc.13607
https://doi.org/10.3389/fimmu.2022.855701
https://doi.org/10.1038/s41423-019-0223-3
https://doi.org/10.1038/nn1629
https://www.ncbi.nlm.nih.gov/pubmed/16415867
https://doi.org/10.1084/jem.20091419
https://doi.org/10.1111/j.1750-3639.2008.00188.x
https://www.ncbi.nlm.nih.gov/pubmed/18637012
https://doi.org/10.2353/ajpath.2008.080528
https://www.ncbi.nlm.nih.gov/pubmed/18974297


Curr. Issues Mol. Biol. 2024, 46 4398

47. Quintanilla, R.A.; Orellana, D.I.; González-Billault, C.; Maccioni, R.B. Interleukin-6 Induces Alzheimer-Type Phosphorylation of
Tau Protein by Deregulating the Cdk5/P35 Pathway. Exp. Cell Res. 2004, 295, 245–257. [CrossRef]

48. Griffin, W.S.T.; Sheng, J.G.; Roberts, G.W.; Mrak, R.E. Interleukin-1 Expression in Different Plaque Types in Alzheimer’s Disease:
Significance in Plaque Evalution. J. Neuropathol. Exp. Neurol. 1995, 54, 276–281. [CrossRef] [PubMed]

49. Wang, W.-Y.; Ten, M.-S.; Yu, J.-T.; Tan, L. Role of Pro-Inflammatory Cytokines Released from Microglia in Alzheimer’s Disease.
Ann. Transl. Med. 2015, 3, 136.

50. Rani, V.; Verma, R.; Kumar, K.; Chawla, R. Role of Pro-Inflammatory Cytokines in Alzheimer’s Disease and Neuroprotective
Effects of Pegylated Self-Assembled Nanoscaffolds. Curr. Res. Pharmacol. Drug Discov. 2023, 4, 100149. [CrossRef]

51. Morales, I.; Jiménez, J.M.; Mancilla, M.; Maccioni, R.B. Tau Oligomers and Fibrils Induce Activation of Microglial Cells.
J. Alzheimers Dis. 2013, 37, 849–856. [CrossRef]

52. Liu, C.; Cui, G.; Zhu, M.; Kang, X.; Guo, H. Neuroinflammation in Alzheimer’s Disease: Chemokines Produced by Astrocytes
and Chemokine Receptors. Int. J. Clin. Exp. Pathol. 2014, 7, 8342–8355.

53. Kwon, H.S.; Koh, S.-H. Neuroinflammation in Neurodegenerative Disorders: The Roles of Microglia and Astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

54. Hansen, D.V.; Hanson, J.E.; Sheng, M. Microglia in Alzheimer’s Disease. J. Cell Biol. 2018, 217, 459–472. [CrossRef]
55. Lee, C.Y.D.; Landreth, G.E. The Role of Microglia in Amyloid Clearance from the AD Brain. J. Neural Transm. 2010, 117, 949–960.

[CrossRef]
56. Mandrekar, S.; Jiang, Q.; Lee, C.Y.D.; Koenigsknecht-Talboo, J.; Holtzman, D.M.; Landreth, G.E. Microglia Mediate the Clearance

of Soluble Aβ through Fluid Phase Macropinocytosis. J. Neurosci. 2009, 29, 4252–4262. [CrossRef]
57. Li, H.; Chen, C.; Dou, Y.; Wu, H.; Liu, Y.; Lou, H.-F.; Zhang, J.; Li, X.; Wang, H.; Duan, S. P2Y4 Receptor-Mediated Pinocytosis

Contributes to Amyloid Beta-Induced Self-Uptake by Microglia. Mol. Cell. Biol. 2013, 33, 4282–4293. [CrossRef]
58. Ries, M.; Sastre, M. Mechanisms of Aβ Clearance and Degradation by Glial Cells. Front. Aging Neurosci. 2016, 8, 160. [CrossRef]
59. Fu, H.; Liu, B.; Li, L.; Lemere, C.A. Microglia Do Not Take Up Soluble Amyloid-Beta Peptides, But Partially Degrade Them by

Secreting Insulin-Degrading Enzyme. Neuroscience 2020, 443, 30–43. [CrossRef]
60. Fu, H.; Liu, B.; Frost, J.L.; Hong, S.; Jin, M.; Ostaszewski, B.; Shankar, G.M.; Costantino, I.M.; Carroll, M.C.; Mayadas, T.N.; et al.

Complement Component C3 and Complement Receptor Type 3 Contribute to the Phagocytosis and Clearance of Fibrillar Aβ by
Microglia. Glia 2012, 60, 993–1003. [CrossRef]

61. Kong, Y.; Ruan, L.; Qian, L.; Liu, X.; Le, Y. Norepinephrine Promotes Microglia to Uptake and Degrade Amyloid β Peptide
through Upregulation of Mouse Formyl Peptide Receptor 2 and Induction of Insulin-Degrading Enzyme. J. Neurosci. 2010, 30,
11848–11857. [CrossRef]

62. Bolós, M.; Llorens-Martín, M.; Jurado-Arjona, J.; Hernández, F.; Rábano, A.; Avila, J. Direct Evidence of Internalization of Tau by
Microglia In Vitro and In Vivo. J. Alzheimers Dis. 2016, 50, 77–87. [CrossRef]

63. Das, R.; Balmik, A.A.; Chinnathambi, S. Phagocytosis of Full-Length Tau Oligomers by Actin-Remodeling of Activated Microglia.
J. Neuroinflamm. 2020, 17, 10. [CrossRef]

64. Hickman, S.E.; Allison, E.K.; El Khoury, J. Microglial Dysfunction and Defective β-Amyloid Clearance Pathways in Aging
Alzheimer’s Disease Mice. J. Neurosci. 2008, 28, 8354–8360. [CrossRef]

65. Frackowiak, J.; Wisniewski, H.M.; Wegiel, J.; Merz, G.S.; Iqbal, K.; Wang, K.C. Ultrastructure of the Microglia That Phagocytose
Amyloid and the Microglia That Produce β-Amyloid Fibrils. Acta Neuropathol. 1992, 84, 225–233. [CrossRef]

66. Hopp, S.C.; Lin, Y.; Oakley, D.; Roe, A.D.; DeVos, S.L.; Hanlon, D.; Hyman, B.T. The Role of Microglia in Processing and Spreading
of Bioactive Tau Seeds in Alzheimer’s Disease. J. Neuroinflamm. 2018, 15, 269. [CrossRef]

67. Bhaskar, K.; Konerth, M.; Kokiko-Cochran, O.N.; Cardona, A.; Ransohoff, R.M.; Lamb, B.T. Regulation of Tau Pathology by the
Microglial Fractalkine Receptor. Neuron 2010, 68, 19–31. [CrossRef]

68. Jiang, T.; Tan, L.; Zhu, X.-C.; Zhou, J.-S.; Cao, L.; Tan, M.-S.; Wang, H.-F.; Chen, Q.; Zhang, Y.-D.; Yu, J.-T. Silencing of TREM2
Exacerbates Tau Pathology, Neurodegenerative Changes, and Spatial Learning Deficits in P301S Tau Transgenic Mice. Neurobiol.
Aging 2015, 36, 3176–3186. [CrossRef]

69. Perea, J.R.; Ávila, J.; Bolós, M. Dephosphorylated Rather than Hyperphosphorylated Tau Triggers a Pro-Inflammatory Profile in
Microglia through the P38 MAPK Pathway. Exp. Neurol. 2018, 310, 14–21. [CrossRef]

70. MRC CFAS; Minett, T.; Classey, J.; Matthews, F.E.; Fahrenhold, M.; Taga, M.; Brayne, C.; Ince, P.G.; Nicoll, J.A.R.; Boche, D.
Microglial Immunophenotype in Dementia with Alzheimer’s Pathology. J. Neuroinflamm. 2016, 13, 135. [CrossRef]

71. Brelstaff, J.H.; Mason, M.; Katsinelos, T.; McEwan, W.A.; Ghetti, B.; Tolkovsky, A.M.; Spillantini, M.G. Microglia Become
Hypofunctional and Release Metalloproteases and Tau Seeds When Phagocytosing Live Neurons with P301S Tau Aggregates.
Sci. Adv. 2021, 7, eabg4980. [CrossRef]

72. Von Bernhardi, R.; Tichauer, J.E.; Eugenín, J. Aging-dependent Changes of Microglial Cells and Their Relevance for Neurodegen-
erative Disorders. J. Neurochem. 2010, 112, 1099–1114. [CrossRef]

73. Sheng, J.G.; Zhu, S.G.; Jones, R.A.; Griffin, W.S.T.; Mrak, R.E. Interleukin-1 Promotes Expression and Phosphorylation of
Neurofilament and Tau Proteins in Vivo. Exp. Neurol. 2000, 163, 388–391. [CrossRef]

74. Blasko, I.; Marx, F.; Steiner, E.; Hartmann, T.; Grubeck-Loebenstein, B. TNFα plus IFNγ Induce the Production of Alzheimer
B-amyloid Peptides and Decrease the Secretion of APPs. FASEB J. 1999, 13, 63–68. [CrossRef]

https://doi.org/10.1016/j.yexcr.2004.01.002
https://doi.org/10.1097/00005072-199503000-00014
https://www.ncbi.nlm.nih.gov/pubmed/7876895
https://doi.org/10.1016/j.crphar.2022.100149
https://doi.org/10.3233/JAD-131843
https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1007/s00702-010-0433-4
https://doi.org/10.1523/JNEUROSCI.5572-08.2009
https://doi.org/10.1128/MCB.00544-13
https://doi.org/10.3389/fnagi.2016.00160
https://doi.org/10.1016/j.neuroscience.2020.07.020
https://doi.org/10.1002/glia.22331
https://doi.org/10.1523/JNEUROSCI.2985-10.2010
https://doi.org/10.3233/JAD-150704
https://doi.org/10.1186/s12974-019-1694-y
https://doi.org/10.1523/JNEUROSCI.0616-08.2008
https://doi.org/10.1007/BF00227813
https://doi.org/10.1186/s12974-018-1309-z
https://doi.org/10.1016/j.neuron.2010.08.023
https://doi.org/10.1016/j.neurobiolaging.2015.08.019
https://doi.org/10.1016/j.expneurol.2018.08.007
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1126/sciadv.abg4980
https://doi.org/10.1111/j.1471-4159.2009.06537.x
https://doi.org/10.1006/exnr.2000.7393
https://doi.org/10.1096/fasebj.13.1.63


Curr. Issues Mol. Biol. 2024, 46 4399

75. Liao, Y.-F.; Wang, B.-J.; Cheng, H.-T.; Kuo, L.-H.; Wolfe, M.S. Tumor Necrosis Factor-α, Interleukin-1β, and Interferon-γ Stimulate
γ-Secretase-Mediated Cleavage of Amyloid Precursor Protein through a JNK-Dependent MAPK Pathway. J. Biol. Chem. 2004, 279,
49523–49532. [CrossRef]

76. Nelson, M.L.; Pfeifer, J.A.; Hickey, J.P.; Collins, A.E.; Kalisch, B.E. Exploring Rosiglitazone’s Potential to Treat Alzheimer’s Disease
through the Modulation of Brain-Derived Neurotrophic Factor. Biology 2023, 12, 1042. [CrossRef]

77. Gomes, C.; Ferreira, R.; George, J.; Sanches, R.; Rodrigues, D.I.; Gonçalves, N.; Cunha, R.A. Activation of Microglial Cells Triggers
a Release of Brain-Derived Neurotrophic Factor (BDNF) Inducing Their Proliferation in an Adenosine A2A Receptor-Dependent
Manner: A2A Receptor Blockade Prevents BDNF Release and Proliferation of Microglia. J. Neuroinflamm. 2013, 10, 780. [CrossRef]

78. Johansson, J.U.; Woodling, N.S.; Wang, Q.; Panchal, M.; Liang, X.; Trueba-Saiz, A.; Brown, H.D.; Mhatre, S.D.; Loui, T.; Andreasson,
K.I. Prostaglandin Signaling Suppresses Beneficial Microglial Function in Alzheimer’s Disease Models. J. Clin. Investig. 2015, 125,
350–364. [CrossRef]

79. Shi, J.; Wang, Q.; Johansson, J.U.; Liang, X.; Woodling, N.S.; Priyam, P.; Loui, T.M.; Merchant, M.; Breyer, R.M.; Montine, T.J.; et al.
Inflammatory Prostaglandin E2 Signaling in a Mouse Model of Alzheimer Disease. Ann. Neurol. 2012, 72, 788–798. [CrossRef]

80. Huang, W.-J.; Zhang, X.; Chen, W.-W. Role of Oxidative Stress in Alzheimer’s Disease. Biomed. Rep. 2016, 4, 519–522. [CrossRef]
81. Ray, P.D.; Huang, B.-W.; Tsuji, Y. Reactive Oxygen Species (ROS) Homeostasis and Redox Regulation in Cellular Signaling.

Cell. Signal. 2012, 24, 981–990. [CrossRef]
82. Li, Y.R.; Trush, M. Defining ROS in Biology and Medicine. React. Oxyg. Spec. 2016, 1, 9–21. [CrossRef]
83. Khajeh Dangolani, S.; Panahi, F.; Tavaf, Z.; Nourisefat, M.; Yousefi, R.; Khalafi-Nezhad, A. Synthesis and Antioxidant Activity

Evaluation of Some Novel Aminocarbonitrile Derivatives Incorporating Carbohydrate Moieties. ACS Omega 2018, 3, 10341–10350.
[CrossRef]

84. Mohana, K.N.; Kumar, C.B.P. Synthesis and Antioxidant Activity of 2-Amino-5-Methylthiazol Derivatives Containing 1,3,4-
Oxadiazole-2-Thiol Moiety. ISRN Org. Chem. 2013, 2013, 620718. [CrossRef]

85. Yu, B.P. Cellular Defenses against Damage from Reactive Oxygen Species. Physiol. Rev. 1994, 74, 139–162. [CrossRef]
86. Collins, A.E.; Saleh, T.M.; Kalisch, B.E. Naturally Occurring Antioxidant Therapy in Alzheimer’s Disease. Antioxidants 2022, 11,

213. [CrossRef]
87. Shahidi, F.; Zhong, Y. Novel Antioxidants in Food Quality Preservation and Health Promotion. Eur. J. Lipid Sci. Technol. 2010, 112,

930–940. [CrossRef]
88. Gao, W.; Guo, L.; Yang, Y.; Wang, Y.; Xia, S.; Gong, H.; Zhang, B.-K.; Yan, M. Dissecting the Crosstalk Between Nrf2 and NF-κB

Response Pathways in Drug-Induced Toxicity. Front. Cell Dev. Biol. 2022, 9, 809952. [CrossRef]
89. Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef]
90. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
91. Rong, H.; Liang, Y.; Niu, Y. Rosmarinic Acid Attenuates β-Amyloid-Induced Oxidative Stress via Akt/GSK-3β/Fyn-Mediated

Nrf2 Activation in PC12 Cells. Free Radic. Biol. Med. 2018, 120, 114–123. [CrossRef]
92. Wang, K.; Chen, Z.; Huang, L.; Meng, B.; Zhou, X.; Wen, X.; Ren, D. Naringenin Reduces Oxidative Stress and Improves

Mitochondrial Dysfunction via Activation of the Nrf2/ARE Signaling Pathway in Neurons. Int. J. Mol. Med. 2017, 40, 1582–1590.
[CrossRef]

93. Lou, H.; Jing, X.; Wei, X.; Shi, H.; Ren, D.; Zhang, X. Naringenin Protects against 6-OHDA-Induced Neurotoxicity via Activation
of the Nrf2/ARE Signaling Pathway. Neuropharmacology 2014, 79, 380–388. [CrossRef]

94. Zhang, Y.; Liu, B.; Chen, X.; Zhang, N.; Li, G.; Zhang, L.-H.; Tan, L.-Y. Naringenin Ameliorates Behavioral Dysfunction
and Neurological Deficits in a D-Galactose-Induced Aging Mouse Model Through Activation of PI3K/Akt/Nrf2 Pathway.
Rejuvenation Res. 2017, 20, 462–472. [CrossRef]

95. Nouri, Z.; Fakhri, S.; El-Senduny, F.F.; Sanadgol, N.; Abd-ElGhani, G.E.; Farzaei, M.S.; Chen, J.-T. On the Neuroprotective Effects
of Naringenin: Pharmacological Targets, Signaling Pathways, Molecular Mechanisms, and Clinical Perspective. Biomolecules 2019,
9, 690. [CrossRef]

96. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Regulation of the Antioxidant Response Element by Protein Kinase C-Mediated
Phosphorylation of NF-E2-Related Factor 2. Proc. Natl. Acad. Sci. USA 2000, 97, 12475–12480. [CrossRef]

97. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by Protein Kinase C Regulates Antioxidant Response
Element-Mediated Transcription. J. Biol. Chem. 2002, 277, 42769–42774. [CrossRef]

98. De Plano, L.M.; Calabrese, G.; Rizzo, M.G.; Oddo, S.; Caccamo, A. The Role of the Transcription Factor Nrf2 in Alzheimer’s
Disease: Therapeutic Opportunities. Biomolecules 2023, 13, 549. [CrossRef]

99. Talebi, M.; Sadoughi, M.M.; Ayatollahi, S.A.; Ainy, E.; Kiani, R.; Zali, A.; Miri, M. Therapeutic Potentials of Cannabidiol: Focus on
the Nrf2 Signaling Pathway. Biomed. Pharmacother. 2023, 168, 115805. [CrossRef]

100. Pithadia, A.S.; Lim, M.H. Metal-Associated Amyloid-β Species in Alzheimer’s Disease. Curr. Opin. Chem. Biol. 2012, 16, 67–73.
[CrossRef]

101. Greenough, M.A.; Camakaris, J.; Bush, A.I. Metal Dyshomeostasis and Oxidative Stress in Alzheimer’s Disease. Neurochem. Int.
2013, 62, 540–555. [CrossRef]

102. Das, N.; Raymick, J.; Sarkar, S. Role of Metals in Alzheimer’s Disease. Metab. Brain Dis. 2021, 36, 1627–1639. [CrossRef]
103. Tiiman, A.; Palumaa, P.; Tõugu, V. The Missing Link in the Amyloid Cascade of Alzheimer’s Disease—Metal Ions. Neurochem. Int.

2013, 62, 367–378. [CrossRef]

https://doi.org/10.1074/jbc.M402034200
https://doi.org/10.3390/biology12071042
https://doi.org/10.1186/1742-2094-10-16
https://doi.org/10.1172/JCI77487
https://doi.org/10.1002/ana.23677
https://doi.org/10.3892/br.2016.630
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.20455/ros.2016.803
https://doi.org/10.1021/acsomega.8b01124
https://doi.org/10.1155/2013/620718
https://doi.org/10.1152/physrev.1994.74.1.139
https://doi.org/10.3390/antiox11020213
https://doi.org/10.1002/ejlt.201000044
https://doi.org/10.3389/fcell.2021.809952
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/j.freeradbiomed.2018.03.028
https://doi.org/10.3892/ijmm.2017.3134
https://doi.org/10.1016/j.neuropharm.2013.11.026
https://doi.org/10.1089/rej.2017.1960
https://doi.org/10.3390/biom9110690
https://doi.org/10.1073/pnas.220418997
https://doi.org/10.1074/jbc.M206911200
https://doi.org/10.3390/biom13030549
https://doi.org/10.1016/j.biopha.2023.115805
https://doi.org/10.1016/j.cbpa.2012.01.016
https://doi.org/10.1016/j.neuint.2012.08.014
https://doi.org/10.1007/s11011-021-00765-w
https://doi.org/10.1016/j.neuint.2013.01.023


Curr. Issues Mol. Biol. 2024, 46 4400

104. Wang, L.; Yin, Y.-L.; Liu, X.-Z.; Shen, P.; Zheng, Y.-G.; Lan, X.-R.; Lu, C.-B.; Wang, J.-Z. Current Understanding of Metal Ions in the
Pathogenesis of Alzheimer’s Disease. Transl. Neurodegener. 2020, 9, 10. [CrossRef]

105. Strodel, B.; Coskuner-Weber, O. Transition Metal Ion Interactions with Disordered Amyloid-β Peptides in the Pathogenesis of
Alzheimer’s Disease: Insights from Computational Chemistry Studies. J. Chem. Inf. Model. 2019, 59, 1782–1805. [CrossRef]

106. Bagheri, S.; Squitti, R.; Haertlé, T.; Siotto, M.; Saboury, A.A. Role of Copper in the Onset of Alzheimer’s Disease Compared to
Other Metals. Front. Aging Neurosci. 2018, 9, 446. [CrossRef]

107. Kepp, K.P. Alzheimer’s Disease: How Metal Ions Define β-Amyloid Function. Coord. Chem. Rev. 2017, 351, 127–159. [CrossRef]
108. Tõugu, V.; Tiiman, A.; Palumaa, P. Interactions of Zn(II) and Cu(II) Ions with Alzheimer’s Amyloid-Beta Peptide. Metal Ion

Binding, Contribution to Fibrillization and Toxicity. Metallomics 2011, 3, 250. [CrossRef]
109. Kandel, N.; Matos, J.O.; Tatulian, S.A. Structure of Amyloid B25–35 in Lipid Environment and Cholesterol-Dependent Membrane

Pore Formation. Sci. Rep. 2019, 9, 2689. [CrossRef]
110. Deane, R.; Sagare, A.; Zlokovic, B.V. The Role of the Cell Surface LRP and Soluble LRP in Blood-Brain Barrier Abeta Clearance in

Alzheimer’s Disease. Curr. Pharm. Des. 2008, 14, 1601–1605. [CrossRef]
111. Wang, D.; Chen, F.; Han, Z.; Yin, Z.; Ge, X.; Lei, P. Relationship Between Amyloid-β Deposition and Blood–Brain Barrier

Dysfunction in Alzheimer’s Disease. Front. Cell. Neurosci. 2021, 15, 695479. [CrossRef] [PubMed]
112. Marques, S.C.F.; Lemos, R.; Ferreiro, E.; Martins, M.; De Mendonça, A.; Santana, I.; Outeiro, T.F.; Pereira, C.M.F. Epigenetic

Regulation of BACE1 in Alzheimer’s Disease Patients and in Transgenic Mice. Neuroscience 2012, 220, 256–266. [CrossRef]
[PubMed]

113. Zuo, L.; Hemmelgarn, B.T.; Chuang, C.-C.; Best, T.M. The Role of Oxidative Stress-Induced Epigenetic Alterations in Amyloid-β
Production in Alzheimer’s Disease. Oxid. Med. Cell. Longev. 2015, 2015, 604658. [CrossRef] [PubMed]

114. Wang, S.-C.; Oelze, B.; Schumacher, A. Age-Specific Epigenetic Drift in Late-Onset Alzheimer’s Disease. PLoS ONE 2008, 3, e2698.
[CrossRef]

115. Scarpa, S.; Cavallaro, R.A.; D’Anselmi, F.; Fuso, A. Gene Silencing through Methylation: An Epigenetic Intervention on Alzheimer
Disease. J. Alzheimers Dis. 2006, 9, 407–414. [CrossRef] [PubMed]

116. Lithner, C.U.; Hernandez, C.; Sweatt, J.D.; Nordberg, A. O3-05-05: Epigenetic Effects of Aβ and the Implication on the Pathophys-
iology in Alzheimer’s Disease. Alzheimers Dement. 2011, 7, S508. [CrossRef]

117. Chouliaras, L.; Mastroeni, D.; Delvaux, E.; Grover, A.; Kenis, G.; Hof, P.R.; Steinbusch, H.W.M.; Coleman, P.D.; Rutten, B.P.F.; Van
Den Hove, D.L.A. Consistent Decrease in Global DNA Methylation and Hydroxymethylation in the Hippocampus of Alzheimer’s
Disease Patients. Neurobiol. Aging 2013, 34, 2091–2099. [CrossRef] [PubMed]

118. Gu, X.; Sun, J.; Li, S.; Wu, X.; Li, L. Oxidative Stress Induces DNA Demethylation and Histone Acetylation in SH-SY5Y Cells:
Potential Epigenetic Mechanisms in Gene Transcription in Aβ Production. Neurobiol. Aging 2013, 34, 1069–1079. [CrossRef]
[PubMed]

119. Readnower, R.D.; Sauerbeck, A.D.; Sullivan, P.G. Mitochondria, Amyloid β, and Alzheimer’s Disease. Int. J. Alzheimers Dis. 2011,
2011, 1–5. [CrossRef]

120. Sun, X.; Chen, W.-D.; Wang, Y.-D. β-Amyloid: The Key Peptide in the Pathogenesis of Alzheimer’s Disease. Front. Pharmacol.
2015, 6, 221. [CrossRef]

121. Reddy, P.H.; Tripathi, R.; Troung, Q.; Tirumala, K.; Reddy, T.P.; Anekonda, V.; Shirendeb, U.P.; Calkins, M.J.; Reddy, A.P.;
Mao, P.; et al. Abnormal Mitochondrial Dynamics and Synaptic Degeneration as Early Events in Alzheimer’s Disease: Implications
to Mitochondria-Targeted Antioxidant Therapeutics. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2012, 1822, 639–649. [CrossRef]

122. Chen, J.X.; Yan, S.D. Amyloid-β-Induced Mitochondrial Dysfunction. J. Alzheimers Dis. 2007, 12, 177–184. [CrossRef] [PubMed]
123. Melov, S.; Adlard, P.A.; Morten, K.; Johnson, F.; Golden, T.R.; Hinerfeld, D.; Schilling, B.; Mavros, C.; Masters, C.L.; Volitakis, I.;

et al. Mitochondrial Oxidative Stress Causes Hyperphosphorylation of Tau. PLoS ONE 2007, 2, e536. [CrossRef] [PubMed]
124. Yu, L.; Wang, W.; Pang, W.; Xiao, Z.; Jiang, Y.; Hong, Y. Dietary Lycopene Supplementation Improves Cognitive Performances in

Tau Transgenic Mice Expressing P301L Mutation via Inhibiting Oxidative Stress and Tau Hyperphosphorylation. J. Alzheimers Dis.
2017, 57, 475–482. [CrossRef] [PubMed]

125. Su, B.; Wang, X.; Lee, H.; Tabaton, M.; Perry, G.; Smith, M.A.; Zhu, X. Chronic Oxidative Stress Causes Increased Tau Phosphory-
lation in M17 Neuroblastoma Cells. Neurosci. Lett. 2010, 468, 267–271. [CrossRef] [PubMed]

126. Atlante, A.; Valenti, D.; Latina, V.; Amadoro, G. Role of Oxygen Radicals in Alzheimer’s Disease: Focus on Tau Protein. Oxygen
2021, 1, 96–120. [CrossRef]

127. Steinhilb, M.L.; Dias-Santagata, D.; Fulga, T.A.; Felch, D.L.; Feany, M.B. Tau Phosphorylation Sites Work in Concert to Promote
Neurotoxicity In Vivo. Mol. Biol. Cell 2007, 18, 5060–5068. [CrossRef]

128. Alonso, A.D.C.; Grundke-Iqbal, I.; Iqbal, K. Alzheimer’s Disease Hyperphosphorylated Tau Sequesters Normal Tau into Tangles
of Filaments and Disassembles Microtubules. Nat. Med. 1996, 2, 783–787. [CrossRef]

129. Esposito, G.; De Filippis, D.; Carnuccio, R.; Izzo, A.A.; Iuvone, T. The Marijuana Component Cannabidiol Inhibits Beta-Amyloid-
Induced Tau Protein Hyperphosphorylation through Wnt/Beta-Catenin Pathway Rescue in PC12 Cells. J. Mol. Med. 2006, 84,
253–258. [CrossRef] [PubMed]

130. Esposito, G.; De Filippis, D.; Maiuri, M.C.; De Stefano, D.; Carnuccio, R.; Iuvone, T. Cannabidiol Inhibits Inducible Nitric Oxide
Synthase Protein Expression and Nitric Oxide Production in Beta-Amyloid Stimulated PC12 Neurons through P38 MAP Kinase
and NF-κB Involvement. Neurosci. Lett. 2006, 399, 91–95. [CrossRef]

https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.1021/acs.jcim.8b00983
https://doi.org/10.3389/fnagi.2017.00446
https://doi.org/10.1016/j.ccr.2017.05.007
https://doi.org/10.1039/c0mt00073f
https://doi.org/10.1038/s41598-019-38749-7
https://doi.org/10.2174/138161208784705487
https://doi.org/10.3389/fncel.2021.695479
https://www.ncbi.nlm.nih.gov/pubmed/34349624
https://doi.org/10.1016/j.neuroscience.2012.06.029
https://www.ncbi.nlm.nih.gov/pubmed/22728099
https://doi.org/10.1155/2015/604658
https://www.ncbi.nlm.nih.gov/pubmed/26543520
https://doi.org/10.1371/journal.pone.0002698
https://doi.org/10.3233/JAD-2006-9406
https://www.ncbi.nlm.nih.gov/pubmed/16917149
https://doi.org/10.1016/j.jalz.2011.05.1420
https://doi.org/10.1016/j.neurobiolaging.2013.02.021
https://www.ncbi.nlm.nih.gov/pubmed/23582657
https://doi.org/10.1016/j.neurobiolaging.2012.10.013
https://www.ncbi.nlm.nih.gov/pubmed/23141413
https://doi.org/10.4061/2011/104545
https://doi.org/10.3389/fphar.2015.00221
https://doi.org/10.1016/j.bbadis.2011.10.011
https://doi.org/10.3233/JAD-2007-12208
https://www.ncbi.nlm.nih.gov/pubmed/17917162
https://doi.org/10.1371/journal.pone.0000536
https://www.ncbi.nlm.nih.gov/pubmed/17579710
https://doi.org/10.3233/JAD-161216
https://www.ncbi.nlm.nih.gov/pubmed/28269786
https://doi.org/10.1016/j.neulet.2009.11.010
https://www.ncbi.nlm.nih.gov/pubmed/19914335
https://doi.org/10.3390/oxygen1020010
https://doi.org/10.1091/mbc.e07-04-0327
https://doi.org/10.1038/nm0796-783
https://doi.org/10.1007/s00109-005-0025-1
https://www.ncbi.nlm.nih.gov/pubmed/16389547
https://doi.org/10.1016/j.neulet.2006.01.047


Curr. Issues Mol. Biol. 2024, 46 4401

131. Iuvone, T.; Esposito, G.; Esposito, R.; Santamaria, R.; Di Rosa, M.; Izzo, A.A. Neuroprotective Effect of Cannabidiol, a Non-
Psychoactive Component from Cannabis sativa, on Beta-Amyloid-Induced Toxicity in PC12 Cells. J. Neurochem. 2004, 89, 134–141.
[CrossRef]

132. Harvey, B.S.; Ohlsson, K.S.; Mååg, J.L.; Musgrave, I.F.; Smid, S.D. Contrasting Protective Effects of Cannabinoids against Oxidative
Stress and Amyloid-β Evoked Neurotoxicity in Vitro. Neurotoxicology 2012, 33, 138–146. [CrossRef]

133. Scuderi, C.; Steardo, L.; Esposito, G. Cannabidiol Promotes Amyloid Precursor Protein Ubiquitination and Reduction of Beta
Amyloid Expression in SHSY5YAPP+ Cells through PPARγ Involvement. Phytother. Res. 2014, 28, 1007–1013. [CrossRef]

134. Raja, A.; Ahmadi, S.; de Costa, F.; Li, N.; Kerman, K. Attenuation of Oxidative Stress by Cannabinoids and Cannabis Extracts in
Differentiated Neuronal Cells. Pharmaceuticals 2020, 13, 328. [CrossRef] [PubMed]

135. Wang, Z.; Zheng, P.; Nagaratnam, N.; Solowij, N.; Huang, X.F. Parkin Mediates Cannabidiol Prevention of Amyloid-Beta-Induced
Senescence in Human Astrocytes. Cannabis Cannabinoid Res. 2023, 8, 309–320. [CrossRef]

136. Esposito, G.; Scuderi, C.; Valenza, M.; Togna, G.I.; Latina, V.; De Filippis, D.; Cipriano, M.; Carratù, M.R.; Iuvone, T.; Steardo, L.
Cannabidiol Reduces Aβ-Induced Neuroinflammation and Promotes Hippocampal Neurogenesis through PPARγ Involvement.
PLoS ONE 2011, 6, e28668. [CrossRef]

137. Kim, J.; Choi, P.; Park, Y.T.; Kim, T.; Ham, J.; Kim, J.C. The Cannabinoids, CBDA and THCA, Rescue Memory Deficits and Reduce
Amyloid-Beta and Tau Pathology in an Alzheimer’s Disease-like Mouse Model. Int. J. Mol. Sci. 2023, 24, 6827. [CrossRef]
[PubMed]

138. Yang, S.; Du, Y.; Zhao, X.; Tang, Q.; Su, W.; Hu, Y.; Yu, P. Cannabidiol Enhances Microglial Beta-Amyloid Peptide Phagocytosis
and Clearance via Vanilloid Family Type 2 Channel Activation. Int. J. Mol. Sci. 2022, 23, 5367. [CrossRef]

139. Schubert, D.; Kepchia, D.; Liang, Z.; Dargusch, R.; Goldberg, J.; Maher, P. Efficacy of Cannabinoids in a Pre-Clinical Drug-Screening
Platform for Alzheimer’s Disease. Mol. Neurobiol. 2019, 56, 7719–7730. [CrossRef] [PubMed]

140. Mammana, S.; Cavalli, E.; Gugliandolo, A.; Silvestro, S.; Pollastro, F.; Bramanti, P.; Mazzon, E. Could the Combination of Two
Non-Psychotropic Cannabinoids Counteract Neuroinflammation? Effectiveness of Cannabidiol Associated with Cannabigerol.
Medicina (Kaunas) 2019, 55, 747. [CrossRef]

141. Patel, V.; Abu-Hijleh, F.; Rigg, N.; Mishra, R. Cannabidiol Protects Striatal Neurons by Attenuating Endoplasmic Reticulum Stress.
Cannabis Cannabinoid Res. 2023, 8, 299–308. [CrossRef]

142. Alali, S.; Riazi, G.; Ashrafi-Kooshk, M.R.; Meknatkhah, S.; Ahmadian, S.; Hooshyari Ardakani, M.; Hosseinkhani, B. Cannabidiol
Inhibits Tau Aggregation In Vitro. Cells 2021, 10, 3521. [CrossRef] [PubMed]

143. Fagherazzi, E.V.; Garcia, V.A.; Maurmann, N.; Bervanger, T.; Halmenschlager, L.H.; Busato, S.B.; Hallak, J.E.; Zuardi, A.W.;
Crippa, J.A.; Schröder, N. Memory-Rescuing Effects of Cannabidiol in an Animal Model of Cognitive Impairment Relevant to
Neurodegenerative Disorders. Psychopharmacology 2012, 219, 1133–1140. [CrossRef] [PubMed]

144. de Paula Faria, D.; Estessi de Souza, L.; Duran, F.L.S.; Buchpiguel, C.A.; Britto, L.R.; Crippa, J.A.S.; Filho, G.B.; Real, C.C.
Cannabidiol Treatment Improves Glucose Metabolism and Memory in Streptozotocin-Induced Alzheimer’s Disease Rat Model:
A Proof-of-Concept Study. Int. J. Mol. Sci. 2022, 23, 1076. [CrossRef] [PubMed]

145. Esposito, G.; Scuderi, C.; Savani, C.; Steardo, L.J.R.; De Filippis, D.; Cottone, P.; Iuvone, T.; Cuomo, V.; Steardo, L. Cannabidiol in
Vivo Blunts Beta-Amyloid Induced Neuroinflammation by Suppressing IL-1beta and iNOS Expression. Br. J. Pharmacol. 2007, 151,
1272–1279. [CrossRef] [PubMed]

146. Martín-Moreno, A.M.; Reigada, D.; Ramírez, B.G.; Mechoulam, R.; Innamorato, N.; Cuadrado, A.; de Ceballos, M.L. Cannabidiol
and Other Cannabinoids Reduce Microglial Activation in Vitro and in Vivo: Relevance to Alzheimer’s Disease. Mol. Pharmacol.
2011, 79, 964–973. [CrossRef]

147. Arnanz, M.A.; Ruiz de Martín Esteban, S.; Martínez Relimpio, A.M.; Rimmerman, N.; Tweezer Zaks, N.; Grande, M.T.; Romero, J.
Effects of Chronic, Low-Dose Cannabinoids, Cannabidiol, Delta-9-Tetrahydrocannabinol and a Combination of Both, on Amyloid
Pathology in the 5xFAD Mouse Model of Alzheimer’s Disease. Cannabis Cannabinoid Res. 2023. [CrossRef]

148. Cheng, D.; Spiro, A.S.; Jenner, A.M.; Garner, B.; Karl, T. Long-Term Cannabidiol Treatment Prevents the Development of Social
Recognition Memory Deficits in Alzheimer’s Disease Transgenic Mice. J. Alzheimers Dis. 2014, 42, 1383–1396. [CrossRef] [PubMed]

149. Watt, G.; Shang, K.; Zieba, J.; Olaya, J.; Li, H.; Garner, B.; Karl, T. Chronic Treatment with 50 Mg/Kg Cannabidiol Improves
Cognition and Moderately Reduces Aβ40 Levels in 12-Month-Old Male AβPPswe/PS1∆E9 Transgenic Mice. J. Alzheimers Dis.
2020, 74, 937–950. [CrossRef]

150. Coles, M.; Watt, G.; Kreilaus, F.; Karl, T. Medium-Dose Chronic Cannabidiol Treatment Reverses Object Recognition Memory
Deficits of APP(Swe)/PS1∆E9 Transgenic Female Mice. Front. Pharmacol. 2020, 11, 587604. [CrossRef]

151. Cheng, D.; Low, J.K.; Logge, W.; Garner, B.; Karl, T. Chronic Cannabidiol Treatment Improves Social and Object Recognition in
Double Transgenic APPswe/PS1∆E9 Mice. Psychopharmacology 2014, 231, 3009–3017. [CrossRef]

152. García-Baos, A.; Puig-Reyne, X.; García-Algar, Ó.; Valverde, O. Cannabidiol Attenuates Cognitive Deficits and Neuroinflammation
Induced by Early Alcohol Exposure in a Mice Model. Biomed. Pharmacother. 2021, 141, 111813. [CrossRef] [PubMed]

153. Wang, L.; Wu, X.; Yang, G.; Hu, N.; Zhao, Z.; Zhao, L.; Li, S. Cannabidiol Alleviates the Damage to Dopaminergic Neurons
in 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-Induced Parkinson’s Disease Mice Via Regulating Neuronal Apoptosis and
Neuroinflammation. Neuroscience 2022, 498, 64–72. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1471-4159.2003.02327.x
https://doi.org/10.1016/j.neuro.2011.12.015
https://doi.org/10.1002/ptr.5095
https://doi.org/10.3390/ph13110328
https://www.ncbi.nlm.nih.gov/pubmed/33105840
https://doi.org/10.1089/can.2022.0186
https://doi.org/10.1371/journal.pone.0028668
https://doi.org/10.3390/ijms24076827
https://www.ncbi.nlm.nih.gov/pubmed/37047798
https://doi.org/10.3390/ijms23105367
https://doi.org/10.1007/s12035-019-1637-8
https://www.ncbi.nlm.nih.gov/pubmed/31104297
https://doi.org/10.3390/medicina55110747
https://doi.org/10.1089/can.2022.0090
https://doi.org/10.3390/cells10123521
https://www.ncbi.nlm.nih.gov/pubmed/34944028
https://doi.org/10.1007/s00213-011-2449-3
https://www.ncbi.nlm.nih.gov/pubmed/21870037
https://doi.org/10.3390/ijms23031076
https://www.ncbi.nlm.nih.gov/pubmed/35163003
https://doi.org/10.1038/sj.bjp.0707337
https://www.ncbi.nlm.nih.gov/pubmed/17592514
https://doi.org/10.1124/mol.111.071290
https://doi.org/10.1089/can.2023.0101
https://doi.org/10.3233/JAD-140921
https://www.ncbi.nlm.nih.gov/pubmed/25024347
https://doi.org/10.3233/JAD-191242
https://doi.org/10.3389/fphar.2020.587604
https://doi.org/10.1007/s00213-014-3478-5
https://doi.org/10.1016/j.biopha.2021.111813
https://www.ncbi.nlm.nih.gov/pubmed/34126352
https://doi.org/10.1016/j.neuroscience.2022.06.036
https://www.ncbi.nlm.nih.gov/pubmed/35792194


Curr. Issues Mol. Biol. 2024, 46 4402

154. Frandsen, J.; Narayanasamy, P. Effect of Cannabidiol on the Neural Glyoxalase Pathway Function and Longevity of Several
C. elegans Strains Including a C. elegans Alzheimer’s Disease Model. ACS Chem. Neurosci. 2022, 13, 1165–1177. [CrossRef]
[PubMed]

155. Zhang, Y.; Li, H.; Jin, S.; Lu, Y.; Peng, Y.; Zhao, L.; Wang, X. Cannabidiol Protects against Alzheimer’s Disease in C. Elegans via
ROS Scavenging Activity of Its Phenolic Hydroxyl Groups. Eur. J. Pharmacol. 2022, 919, 174829. [CrossRef] [PubMed]

156. Schouten, M.; Dalle, S.; Mantini, D.; Koppo, K. Cannabidiol and Brain Function: Current Knowledge and Future Perspectives.
Front. Pharmacol. 2024, 14, 1328885. [CrossRef] [PubMed]

157. Singh, K.; Bhushan, B.; Chanchal, D.K.; Sharma, S.K.; Rani, K.; Yadav, M.K.; Porwal, P.; Kumar, S.; Sharma, A.; Virmani, T.; et al.
Emerging Therapeutic Potential of Cannabidiol (CBD) in Neurological Disorders: A Comprehensive Review. Behav. Neurol. 2023,
2023, 8825358. [CrossRef] [PubMed]

158. Iffland, K.; Grotenhermen, F. An Update on Safety and Side Effects of Cannabidiol: A Review of Clinical Data and Relevant
Animal Studies. Cannabis Cannabinoid Res. 2017, 2, 139–154. [CrossRef] [PubMed]

159. Kitdumrongthum, S.; Trachootham, D. An Individuality of Response to Cannabinoids: Challenges in Safety and Efficacy of
Cannabis Products. Molecules 2023, 28, 2791. [CrossRef] [PubMed]

160. Friedman, D.; French, J.A.; Maccarrone, M. Safety, Efficacy, and Mechanisms of Action of Cannabinoids in Neurological Disorders.
Lancet Neurol. 2019, 18, 504–512. [CrossRef]

161. Tambe, S.M.; Mali, S.; Amin, P.D.; Oliveira, M. Neuroprotective Potential of Cannabidiol: Molecular Mechanisms and Clinical
Implications. J. Integr. Med. 2023, 21, 236–244. [CrossRef]

162. Liu, Z.; Martin, J.H. Gaps in Predicting Clinical Doses for Cannabinoids Therapy: Overview of Issues for Pharmacokinetics and
Pharmacodynamics Modelling. Br. J. Clin. Pharmacol. 2018, 84, 2483–2487. [CrossRef] [PubMed]

163. Cooper, Z.D.; Abrams, D.I.; Gust, S.; Salicrup, A.; Throckmorton, D.C. Challenges for Clinical Cannabis and Cannabinoid
Research in the United States. JNCI Monogr. 2021, 2021, 114–122. [CrossRef]

164. Hossain, K.R.; Alghalayini, A.; Valenzuela, S.M. Current Challenges and Opportunities for Improved Cannabidiol Solubility.
Int. J. Mol. Sci. 2023, 24, 14514. [CrossRef]

165. Palrasu, M.; Wright, L.; Patel, M.; Leech, L.; Branch, S.; Harrelson, S.; Khan, S. Perspectives on Challenges in Cannabis Drug
Delivery Systems: Where Are We? Med. Cannabis Cannabinoids 2022, 5, 102–119. [CrossRef] [PubMed]

166. Bahji, A.; Breward, N.; Duff, W.; Absher, N.; Patten, S.B.; Alcorn, J.; Mousseau, D.D. Cannabinoids in the Management of
Behavioral, Psychological, and Motor Symptoms of Neurocognitive Disorders: A Mixed Studies Systematic Review. J. Cannabis
Res. 2022, 4, 11. [CrossRef]

167. Aziz, A.I.; Nguyen, L.C.; Oumeslakht, L.; Bensussan, A.; Ben Mkaddem, S. Cannabinoids as Immune System Modulators:
Cannabidiol Potential Therapeutic Approaches and Limitations. Cannabis Cannabinoid Res. 2023, 8, 254–269. [CrossRef]

168. Uddin, M.S.; Mamun, A.A.; Sumsuzzman, D.M.; Ashraf, G.M.; Perveen, A.; Bungau, S.G.; Mousa, S.A.; El-Seedi, H.R.; Bin-Jumah,
M.N.; Abdel-Daim, M.M. Emerging Promise of Cannabinoids for the Management of Pain and Associated Neuropathological
Alterations in Alzheimer’s Disease. Front. Pharmacol. 2020, 11, 1097. [CrossRef]

169. Yau, G.T.Y.; Tai, W.; Arnold, J.C.; Chan, H.-K.; Kwok, P.C.L. Cannabidiol for the Treatment of Brain Disorders: Therapeutic
Potential and Routes of Administration. Pharm. Res. 2023, 40, 1087–1114. [CrossRef] [PubMed]

170. Martinez Naya, N.; Kelly, J.; Corna, G.; Golino, M.; Polizio, A.H.; Abbate, A.; Toldo, S.; Mezzaroma, E. An Overview of
Cannabidiol as a Multifunctional Drug: Pharmacokinetics and Cellular Effects. Molecules 2024, 29, 473. [CrossRef]

171. Patsalos, P.N.; Szaflarski, J.P.; Gidal, B.; VanLandingham, K.; Critchley, D.; Morrison, G. Clinical Implications of Trials Investigating
Drug-drug Interactions between Cannabidiol and Enzyme Inducers or Inhibitors or Common Antiseizure Drugs. Epilepsia 2020,
61, 1854–1868. [CrossRef]
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